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Characterization  of  Radiation-Induced  Performance  Decrement 
Using  a  Two-Lever  Shock-Avoidance  Task 

Walter  F.  Burghardt,  Jr.,  and  Walter  A.  Hunt 


Behavioral  Sciences  Department.  Armed  Forces  Radiohiology  Research  Institute. 

Bethesda.  Maryland  20SI4-5I45 

Burghardt.  W.  F..  and  Hunt.  W.  A.  Characterization  of  Radiation-Induced  Perfor¬ 
mance  Decrement  Using  a  Two-Lever  Shock  Avoidance  Task.  Radial.  Res.  103,  149-157 
(1985). 

Rats  were  trained  to  perform  a  task  involving  responses  on  two  levers.  Responding  on  an 
avoidance  lever  delayed  the  onset  of  electrical  footshock  for  20  sec  and  responding  on  a 
warning  lever  turned  on  a  light  for  60  sec.  When  the  light  was  on.  the  task  on  the  avoidance 
lever  was  changed  from  unsignaled  shock  avoidance  to  signaled  shock  avoidance  by  preceding 
the  shocks  with  5-sec  warning  tones.  The  animals  preferred  the  signaled  avoidance  condition. 

After  100  Gy  of  w'Co  irradiation,  the  animals  were  less  able  to  avoid  shock,  an  effect  from 
which  the  animals  recovered  somewhat  over  90  min.  The  response  rate  on  the  avoidance  lever 
remained  at  or  above  control  rates,  while  the  response  rate  on  the  warning  lever  showed  an 
initial  increase,  followed  by  a  decrease  below  baseline.  The  increase  in  responding  on  the 
avoidance  lever  occurred  in  bursts  just  after  presentation  of  the  shocks.  The  data  suggest  that 
under  these  experimental  conditions  a  subject  will  not  respond  appropriately  to  avoid  shock  or 
acquire  cues  that  can  facilitate  the  avoidance  of  shock.  The  effects,  however,  do  not  reflect  an 
inability  to  perform  the  required  movements  but  instead  appear  to  reflect  some  characteristic 
of  the  task  associated  with  a  particular  lever.  <t  iw  vadrmic  Prr».  ini 

INTRODUCTION 

Exposure  to  high  doses  of  ionizing  radiation  can  result  in  depression  of  the 
nervous  system.  In  some  cases,  this  is  expressed  as  an  early  transient  incapacitation 
(ETI).  characterized  as  the  inability  to  complete  a  task,  and  has  been  observed  in  a 
number  of  species  (/-4).  This  phenomenon  occurs  shortly  after  exposure  to 
moderate  and  high  doses  of  radiation,  with  recovery  to  near  normal  performance 
on  some  tasks  occurring  within  approximately  30  min  after  exposure.  A  performance 
decrement  of  some  sort  is  often  seen,  even  in  the  absence  of  an  ETI  (/).  Frequently, 
some  aspects  of  behavior  remain  unchanged  or  even  enhanced,  while  others  are 
disrupted.  For  example,  a  decrease  in  general  activity  and  food  intake  in  monkeys 
has  been  demonstrated,  while  learned  task  performance  is  maintained  (5).  In  rats, 
maze  performance  is  improved,  while  motor  activity  is  decreased  (6). 

Ionizing  radiation  has  been  shown  to  disrupt  active  avoidance  behavior  (7.  #).  In 
these  studies,  rats  were  trained  to  avoid  successive  electrical  footshocks  by  jumping 
onto  a  retractable  platform  in  response  to  an  auditory  cue.  When  the  animals  were 
exposed  to  high-energy  electrons  or  y  photons,  their  ability  to  avoid  shock  was 
significantly  reduced  in  a  dose-dependent  manner  within  the  dose  range  of  25-200 
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Gy.  This  decrement  was  transient  lasting  less  than  30  min.  Although  the  animals 
did  not  avoid  shock,  they  would  jump  onto  the  platform  in  response  to  shock  (8). 

In  the  present  experiments,  we  attempted  to  further  characterize  the  effect  of 
ionizing  radiation  on  active  avoidance  behavior  by  using  a  modification  of  a 
paradigm  designed  to  measure  an  animal's  preference  for  signaled  versus  unsignaled 
avoidance  (9).  We  wanted  to  find  out  whether  the  irradiated  animals  would  request 
and  use  cues  to  avoid  shock  at  a  dose  that  would  be  expected  to  produce  reliable 
and  profound  behavioral  decrement,  while  not  totally  disrupting  behavior  (8).  This 
paradigm  is  a  two-lever,  bar-press  task  in  which  animals  may  obtain  auditory  cues 
as  a  warning  for  impending  footshock.  Pressing  one  bar  (avoidance  lever)  results  in 
postponement  of  the  shock.  Pressing  the  other  bar  turns  on  a  light.  While  the  light 
is  on,  a  5-sec  tone  precedes  the  shock.  Using  this  auditory  cue,  rats  will  learn  very 
effectively  when  to  press  the  avoidance  bar  to  maintain  a  low  shock  frequency 
(signaled  avoidance).  In  addition,  this  paradigm  simultaneously  measures  behavior 
on  two  different  tasks  and  assesses  the  ability  of  the  animals  to  maintain  more  than 
one  measured  behavior  after  irradiation. 

METHODS 

Twelve  Long  Evans  (Blue  Spruce)  rats  (300  g)  were  housed  separately  and  kept  on  a  reversed  12-hr 
light  cycle.  The  animals  were  watered  and  fed  ad  libitum  throughout  the  course  of  the  study. 

Operant-conditioning  chambers  approximately  1 1  cm  high,  25  cm  deep,  and  24  cm  wide,  each  housed 
in  separate  sound-attenuating  boxes,  were  used  in  these  experiments.  The  floor  consisted  of  aluminum 
rods  through  which  scrambled  electrical  footshock  (1.0  mA)  could  be  applied  using  constant  current  ac 
shockers  and  electromechanical  scramblers.  On  one  wall  were  two  response  levers.  A  SONALERT  speaker 
was  centered  on  the  wall  to  the  left  of  the  levers  to  provide,  when  required,  a  1900-Hz  tone  at 
approximately  68  dB/SPL.  A  clear  jeweled  1-W  light  was  located  in  the  middle  of  the  ceiling.  The  units 
were  maintained  in  a  darkened  climate-controlled  room  with  white  noise  provided  through  a  16  cm 
speaker  to  mask  outside  sounds. 

Prior  to  the  first  training  session,  animals  were  placed  in  the  operant  chambers  for  at  least  2  hr  to 
familiarize  them  with  the  apparatus.  Thereafter,  each  experimental  session  lasted  4  hr. 

The  animals  were  trained  to  avoid  a  0.5-sec  electrical  footshock  by  responding  on  an  avoidance  lever 
U0).  A  response  on  the  avoidance  lever  postponed  the  onset  of  shock  by  20  sec  (RS  20).  In  the  absence 
of  responding  on  the  avoidance  lever,  shock  occurred  at  5-sec  intervals  (SS  5).  A  single  response  on  a 
separate  lever  (warning  lever)  turned  on  the  overhead  light  for  I  min.  during  which  shocks  following  a 
response  on  the  avoidance  lever  were  preceded  by  a  warning  tone  during  the  last  5  sec  of  the  response- 
to-shock  interval  (signaled  avoidance)  (//).  If  the  animal  responded  on  the  avoidance  lever  during  the 
tone,  the  tone  was  terminated  and  footshock  was  delayed  20  sec.  Responses  on  the  warning  lever  when 
the  light  was  on  were  counted  but  had  no  scheduled  effect.  After  I  min  of  signaled  avoidance,  the 
overhead  light  was  turned  off.  A  single  response  on  the  warning  lever  could  then  turn  the  light  back  on 
and  reinstate  signaled  avoidance.  Training  was  complete  when  the  animals  could  successfully  avoid  more 
than  9()'>  of  the  shocks  that  could  be  presented  (12/min)  and  when  performance  was  maintained  within 
10°»  a  constant  amount  of  time  in  signaled  avoidance. 

For  programming  of  the  experimental  paradigms  and  data  collection,  a  PDP-8E  computer  operating 
under  SCAT  software  was  used.  Data  were  recorded  graphically  by  cumulative  recorders  and  numerically 
by  the  computer.  The  following  parameters  were  continuously  measured:  the  number  of  shocks  received, 
the  number  of  responses  made  on  each  lever,  the  distribution  of  responses  in  time,  the  number  of  warning 
tones  used,  and  the  latency  of  responses  after  cues. 

After  training,  subjects  were  habituated  to  the  effects  of  schedule  interruption  and  transport  that 
occurred  for  irradiations.  After  2  hr  of  performance,  the  session  was  suspended  with  all  stimuli  and 
responses  disabled.  The  animal  was  placed  in  a  Plexiglas  restraining  tube,  transported  to  the  '‘"Co  facility, 
and  returned  without  being  irradiated.  The  session  was  then  resumed  until  there  was  less  than  a  10r< 
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difference  in  the  number  of  shocks  received  and  in  the  number  of  responses  made  on  each  lever  during 
the  next  hour,  compared  with  those  during  the  hour  before  removing  the  animals  from  the  conditioning 
chambers. 

After  habituation,  the  animals  were  randomly  assigned  to  two  groups  of  six  animals  each.  One  group 
was  irradiated  once,  while  the  other  group  served  as  controls  (sham  irradiated).  For  irradiations  or  sham 
irradiations,  the  animals  were  handled  as  they  were  for  habituation,  except  that  each  irradiated  animal 
was  placed  in  the  *°Co  exposure  room  and  received  a  single  bilateral  dose  of  100  Gy  of  y  radiation  at  a 
rate  of  approximately  66  Gy  per  minute.  Control  animals  were  handled  identically,  with  the  exception 
that  they  were  not  irradiated.  The  transport  time  from  the  radiation  facility  to  the  conditioning  chambers 
was  less  than  $  min.  At  the  end  of  the  study,  all  animals  were  sacrificed  via  barbiturate  overdose. 

For  radiation  dosimetry,  paired  50-ml  ion  chambers  were  used.  Delivered  dose  was  expressed  as  a  ratio 
of  the  dose  measured  in  a  tissue-equivalent  plastic  phantom  enclosed  in  a  restraining  tube  to  the  dose 
measured  free  in  air. 

For  analysis,  only  the  measurements  made  60  min  prior  and  90  min  after  irradiation  were  used,  periods 
when  the  performance  of  the  animals  was  most  consistent.  The  data  collected  were  divided  into  six  10- 
min  blocks  before  removal  from  the  apparatus  for  irradiations,  and  nine  10-min  blocks  after  resumption 
of  the  session  for  analysis.  For  each  lever,  responses  during  each  10-min  postiiTadiation  period  were 
totaled  and  expressed  as  the  percentage  of  the  mean  number  of  responses  for  the  six  10-min  periods 
immediately  preceding  irradiation.  Responses  from  the  sham-irradiated  rats  were  similarly  recorded.  All 
other  measures  were  presented  as  totals  for  each  10-min  period.  The  data  were  statistically  analyzed  using 
multiple  factor  analyses  of  variance  with  repeated  measures  on  one  factor  (12).  Radiation  dose  (0  or  100 
Gy)  was  one  factor,  and  time  after  treatment  was  the  repeated  factor.  The  level  for  statistical  significance 
was  0.05. 


RESULTS 

While  performing  on  the  two-lever  paradigm,  the  unirradiated  rats  avoided  shock 
very  well,  receiving  less  than  five  shocks  over  a  10-min  period.  They  also  spent 
most  of  their  time  in  signaled  avoidance.  In  the  hour  before  irradiation,  the 
experimental  subjects  spent  an  average  of  83.7%  of  their  time  in  signaled  avoidance 
(range  78.3-95.5%).  During  a  comparable  period,  control  subjects  spent  an  average 
of  84.8%  of  their  time  in  signaled  avoidance  (range  74.8-91.8%).  Exposure  to 
ionizing  radiation  degraded  the  ability  of  animals  to  avoid  shock.  Figure  1  is  a 
representative  sample  of  the  performance  of  one  of  the  animals  on  the  avoidance 
lever  subsequent  to  irradiation.  Note  the  low  shock  density,  high  number  of  intervals 
of  signaled  avoidance,  and  overall  rate  and  pattern  of  responding  seen  in  the 
preirradiation  performance  found  in  the  upper  two  tracings.  In  contrast,  the 
postirradiation  performance  clearly  shows  an  increase  in  shock  density,  a  progressive 
decrease  in  the  number  and  regularity  of  periods  of  signaled  avoidance,  and  a  small 
increase  in  overall  response  rates  on  the  avoidance  lever. 

The  numbers  of  shocks  and  warning  tones  received  by  the  animals  are  illustrated 
in  Fig.  2.  The  control  values  presented  are  the  pooled  averages  for  the  unirradiated 
control  group  during  the  90  min  after  sham  exposure.  During  the  first  10  min  after 
irradiation,  the  animals  received  approximately  eight  times  more  shocks  than  the 
nonirradiated  subjects.  The  number  of  shocks  received  decreased  somewhat  during 
the  course  of  the  session  but  remained  at  least  three  times  control  levels  (effect  due 
to  radiation.  P  <  0.05;  effect  due  to  time  after  irradiation,  P  <  0.01;  interaction, 
P  <  0.01).  The  number  of  warning  tones  progressively  decreased  after  irradiation 
and  remained  below  the  number  of  shocks  received  during  the  same  interval.  This 
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Responses  I 

10  min. 

Fig.  1.  Continuous  cumulative  record  beginning  in  upper  left  comer  from  a  representative  subject  on 
the  day  of  irradiation.  Downward  vertical  excursions  on  the  lower  tracing  indicated  periods  when  the 
overhead  light  was  on  and  signaled  avoidance  was  in  effect.  Upward  vertical  excursions  on  the  upper 
tracing  represent  responses  on  the  avoidance  lever;  the  pen  is  reset  downward  every  300  responses. 
Diagonal  hatches  on  the  upper  tracing  indicate  shocks  presented.  Time  proceeds  from  left  to  right.  Time 
and  response  scaling  are  provided  on  the  lower  left  portion  of  the  illustration.  Time  of  irradiation  is 
marked  on  the  figure  with  an  arrow  and  a  reset  of  the  upper  pen. 


suggested  that  the  animals  were  not  responding  for  the  tones  and  therefore  could 
not  use  them  as  aids  in  avoiding  shock. 

Response  on  each  lever  after  irradiation,  expressed  as  the  percentage  of  preexposure 
rates  of  responding  for  each  animal,  is  presented  in  Fig.  3.  When  compared  to  the 
nonirradiated  group,  the  irradiated  animals  responded  approximately  30-40%  more 


Fig.  2.  Mean  number  of  warning  tones  and  shocks  received  by  the  experimental  group  after  irradiation, 
plus  or  minus  standard  error  of  the  mean.  The  control  warning  tone  and  shock  rates  consist  of  pooled 
rates  of  presentation  for  all  subjects  in  the  control  group  for  the  90  min  after  sham  treatment. 
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MINUTES  POST  IRRADIATION 

Fie;.  3.  Mean  responding  rates  on  the  avoidance  and  warning  levers  expressed  as  percentage  of  the 
average  rate  of  responding  for  each  subject  during  the  six  intervals  before  treatment.  The  control  values 
are  pooled  from  the  control  group's  performance  during  the  same  periods  before  and  after  sham 
irradiation.  All  values  are  expressed  plus  or  minus  standard  error  of  the  mean. 


on  the  avoidance  lever.  This  effect  was  consistent  throughout  the  session  (effect  due 
to  irradiation.  P  <  0.05:  effects  due  to  time  after  irradiation,  interaction,  n.s.  at 
0.05).  In  contrast,  the  irradiated  animals  initially  responded  more  frequently  on  the 
warning  lever,  but  within  20  min  after  irradiation,  their  performance  dropped 
significantly  below  baseline  levels  and  remained  there  during  the  remainder  of  the 
session  (effects  due  to  irradiation,  time  after  irradiation,  and  interaction  all  significant 
at  P  <  0.01). 

One  way  in  which  to  determine  the  distribution  of  responses  during  a  session  is 
with  interresponse  time  (1RT)  histograms.  Based  on  the  requirements  of  the  task,  it 
was  expected  that  animals  would  respond  on  the  avoidance  lever  most  often  just 
after  the  onset  of  the  warning  tone  (that  began  15  sec  after  the  last  response  on  the 
avoidance  lever),  as  can  be  found  in  the  histogram  of  Fig.  4A.  However,  the 
irradiated  animals  responded  more  frequently  after  shock  onset  (that  occurred  20 
sec  after  the  last  response  on  the  avoidance  lever  in  either  signaled  or  unsignaled 
avoidance  and  5  sec  after  the  onset  of  the  warning  tone  in  signaled  avoidance)  and 
tended  to  continue  responding  once  initiated  (Fig.  4B).  In  addition,  rates  of 
responding  were  comparatively  low  around  the  time  a  warning  tone  could  be 
presented  (beginning  15  sec  after  the  last  response  on  the  avoidance  lever), 
presumably  because  of  the  reduction  in  responding  on  the  warning  lever  (Fig.  3). 
This  would  result  in  a  lower  number  of  warning  tones  available  to  assist  performance 
(Fig.  2). 

IRTs  on  the  warning  lever  are  presented  in  Fig.  5.  Control  animals  responded 
mostly  during  the  20  sec  after  the  overhead  light  was  turned  off  (indicating  a  change 
from  signaled  to  unsignaled  avoidance)  (Fig.  5A).  The  animals  presumably  do  this 
to  reinstate  the  signaled  avoidance  condition  (Fig.  5A).  These  subjects  also  tend  to 
respond  in  bursts  (that  is.  interresponse  time  under  5  sec).  Irradiated  subjects  make 
fewer  overall  responses  with  a  much  greater  variation  in  IRTs  and  the  appearance 
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Fig.  4.  (A)  Interresponse  time  distribution  on  the  avoidance  lever  for  the  control  group  after  sham 
irradiation,  plus  or  minus  standard  error  of  the  mean.  Arrows  indicate  the  times  of  onset  of  warning  tone 
and  shock,  when  present  (warning  tones  were  presented  on  during  signaled  avoidance).  (B)  Interresponse 
lime  distribution  on  the  avoidance  lever  for  the  experimental  group  after  irradiation,  plus  or  minus  the 
standard  error  of  the  mean.  Scales  foi  both  graphs  are  identical. 


of  very  long  IRTs  (Fig.  5B).  In  general,  these  animals  responded  more  randomly 
rather  than  immediately  after  the  light  went  off. 

If  an  animal  is  using  the  warning  tone  appropriately  as  a  cue,  the  latency  between 
the  onset  of  the  tone  and  a  response  on  the  avoidance  lever  should  be  short.  In  Fig. 
6A.  the  control  group  shows  a  characteristic  patterning  of  responses  with  short 
latencies,  indicating  detection  and  appropriate  use  of  the  warning  signal.  Similar 
latencies  of  the  responses  on  the  avoidance  lever  were  found  in  the  irradiated 
animals  (Fig.  6B).  However,  the  total  number  of  responses  to  the  warning  tones  was 
reduced,  consistent  with  the  decreased  number  of  tones  presented  (Fig.  2). 

It  should  be  noted  that  following  irradiation  with  the  dose  used  in  this  study  ( 100 
G>).  the  animals  did  not  exhibit  any  gross  abnormalities  in  spontaneous  behavior 
and  were  able  to  move  about  freely  during  the  course  of  the  study. 

DISCUSSION 

Consistent  with  previous  reports,  the  results  of  this  study  clearly  demonstrate  that 
exposure  to  ionizing  radiation  degrades  performance  of  an  active  avoidance  task  at 
a  dose  of  radiation  that,  based  on  previous  studies  using  rats  (7.  S),  would  be 
expected  to  induce  profound  and  reliable  behavioral  decrement.  After  irradiation. 
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Fig.  5.  (A)  Interresponse  time  distribution  on  the  warning  lever  in  the  control  group  after  sham 
irradiation,  plus  or  minus  the  standard  error  of  the  mean.  The  arrow  indicates  the  end  of  the  I -min 
periods  of  signaled  avoidance,  after  which  the  chambers  were  dark.  (B)  Interresponse  time  distribution 
for  the  experimental  group  after  irradiation  on  the  warning  lever,  plus  or  minus  the  standard  error  u<"  tr.< 
mean. 


animals  received  a  significantly  greater  number  of  shocks.  However,  it  doec  not 
appear  that  they  were  incapable  of  responding  to  avoid  shock.  To  the  contrary,  the 
animals  responded  at  a  significantly  higher  rate  on  the  avoidance  lever.  Although 
some  recovery  in  the  ability  to  avoid  shock  was  noted,  an  increased  shock  density 
remained  throughout  the  measurement  period.  This  is  in  contrast  to  other  reports 
where  animals  recovered  completely  from  behavioral  decrements  such  as  ETI  within 
30  min,  implying  that  the  degree  of  recovery  observed  after  irradiation  may  depend 
on  the  nature  of  the  task. 

The  IRT  distribution  for  the  avoidance  lever  (Fig.  4)  shows  that  irradiated  animals 
responded  less  at  times  appropriate  to  avoid  shock,  that  is,  just  subsequent  to  the 
presentation  of  the  warning  tone.  This  is  due  to  the  reduced  number  of  tones 
presented  (Fig.  2).  When  tones  were  presented,  the  animals  apparently  used  them 
by  responding  shortly  thereafter  (Fig.  6).  In  addition,  the  animals  tended  to  respond 
in  bursts  to  the  shocks.  Such  bursts  of  responses  would  contribute  very  little  to  the 
success  of  subsequent  shock  avoidance.  Maintenance  of  escape  behavior  with 
depressed  shock  avoidance  after  irradiation  has  previously  been  demonstrated  using 
rats  in  a  platform  avoidance  task  ( 8 ). 

In  contrast  to  the  sustained  increase  in  the  rate  of  responding  on  the  avoidance 
lever,  responding  on  the  warning  lever  was  substantially  reduced.  The  IRT  distribution 
on  the  warning  lever  (Fig.  5)  became  less  regular  and  much  more  erratic  in  the 
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Fit;.  6.  (A)  Distribution  of  latencies  of  responses  on  the  avoidance  lever  to  the  onset  of  the  warning 
tone  in  the  control  group  for  the  90  min  after  sham  irradiation,  plus  or  minus  the  standard  error  of  the 
mean.  (B)  Distribution  of  latencies  of  responses  on  the  avoidance  lever  to  the  onset  of  the  warning  tone 
in  the  experimental  group  in  the  90  min  after  irradiation,  plus  or  minus  the  standard  error  of  the  mean. 
These  graphs  include  only  responses  made  during  the  presence  of  the  warning  tone  and  before  the  onset 
of  shock. 


irradiated  animals.  This  implies  that  the  subjects  did  not  respond  to  the  appropriate 
visual  cue  (lights  off).  Rather,  they  responded  at  a  greatly  reduced  rate  overall  and 
without  regard  to  any  of  the  cues  present. 

The  factors  that  underlie  the  radiation-induced  decrement  in  two-lever  active 
avoidance  behavior,  such  as  sensory  ,  motor,  or  cognitive  factors,  are  uncertain.  One 
possibility  involving  sensory  perception  would  be  a  reduced  sensitivity  for  detecting 
the  electrical  shock.  This  seems  unlikely  since  the  increased  number  and  the  IRT 
distribution  of  the  responses  on  the  avoidance  lever  (Fig.  4)  suggest  that  the  animals 
arc  responding  to  the  shocks.  In  addition,  the  pain  threshold  after  exposure  to  100 
Gy  of  7  radiation  appears  to  be  unaltered  (/.f).  The  ability  of  irradiated  animals  to 
detect  visual  and  auditory  stimuli  has  not  been  examined. 

The  inability  to  perform  the  required  movements  to  successfully  complete  the 
task  also  appears  unlikely,  since  a  general  overall  increase  in  responses  on  the 
avoidance  lever  was  noted.  A  reduction  in  responses  on  both  levers  would  have 
been  expected  if  the  animals  were  experiencing  a  gross  motor  deficit. 

Perhaps  the  findings  in  the  present  paper  arc  not  the  result  of  a  gross  sensory  or 
motor  decrement,  but  are  dependent  on  the  nature  and  number  of  tasks  required 
and  of  the  cues  associated  with  these  tasks,  i.e..  cognitive  factors.  The  irradiated 
animals  used  the  auditory  cues  (tones),  but  not  the  visual  cues  (lights  out).  However, 
the  cues  are  not  independent  from  each  other  in  this  paradigm.  The  visual  cue  is 
used  to  obtain  the  auditory  cue.  Also,  the  consequences  of  not  having  these  cues 
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are  different.  If  the  avoidance  lever  is  not  pressed  at  the  appropriate  time,  the 
animal  is  shocked.  If  the  warning  lever  is  not  pressed,  nothing  happens  to  the  rat 
other  than  the  loss  of  the  auditory  cue.  Therefore,  each  cue  has  a  different  level  of 
immediacy.  The  animals  first  response  is  to  attempt  to  avoid  the  shock.  Secondarily, 
they  respond  for  peripheral  cues,  such  as  the  auditory  cue  which  aids  in  avoiding 
the  shock.  Irradiated  animals  may  be  focusing  more  of  their  attention  and  actions 
on  the  shock  and  the  immediate  need  to  avoid  it,  rather  than  to  initiate  the 
movements  required  to  obtain  additional  cues.  Such  a  possibility  was  suggested  in 
a  previous  study  in  which  irradiated  rats  performed  better  in  a  maze,  even  though 
their  general  activity  was  reduced  (6). 
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The  fluorescence  decay,  apparent  quantum  yield  and  transmission  from  chromophores  constrained  to  a  microscopic  volume 
using  a  single  picosecond  laser  excitation  were  measured  as  a  (unction  of  incident  intensity.  The  f3  subunit  of  phycoerylhrin 
aggregate  isolated  from  the  photosynthetic  antenna  system  of  Nostoc  sp.  was  selected  since  it  contains  only  four  chromophores 
in  a  volume  of  less  than  5.6 xlO4  A\  The  non-exponential  fluorescence  decay  profiles  were  intensity  independent  for  the 
intensity  range  studied  <5  x  10,}-2  X  10'5  photon  cm  ' 2  per  pulse).  The  apparent  decrease  in  the  relative  fluorescence  quantum 
yield  and  increase  of  the  relative  transmission  with  increasing  excitation  intensity  is  attributed  to  the  combined  effects  of 
ground  state  depletion  and  upper  excited  state  absorption.  Evidence  suggests  that  excilon  annihilation  is  absent  within  isolated 
f3  subunits. 


I.  Introduction 

Over  the  past  30  years  energy  transfer  dynamics 
of  excited  electronic  states  has  been  extensively 
studied  and  applied  to  a  wide  range  of  processes  in 
biological  and  chemical  systems  [1-8].  Most  of  the 
theoretical  and  experimental  studies  have  been 
concerned  with  systems  composed  of  chromo¬ 
phores  randomly  distributed  in  either  solutions  or 
solids  of  infinite  spatial  extent.  There  are  however, 
many  important  molecular  systems  where  the  dis¬ 
tributions  of  chromophores  are  limited  to  a  small 
finite  volume ,  e.g..  the  chlorophyll  light  harvesting 
pigments  of  the  photosynthetic  unit  of  green  plants, 
chromophores  incorporated  into  small  micellar 
units,  as  well  as  polymers  which  are  constrained  to 
volumes  of  microscopic  dimensions.  Recently. 
Ediger  and  Fayer  [9]  have  constructed  a  theoreti¬ 


cal  formalism  for  calculating  observables  when 
electronic  energy  is  transported  among  molecules 
confined  to  small  volumes.  Their  results  demon¬ 
strate  that  time-dependent  observables  can  be  sig¬ 
nificantly  altered  in  small  systems  relative  to  their 
behavior  for  infinite  systems.  In  particular  the 
fluorescence  kinetics,  in  the  absence  of  bimolecu- 
lar  annihilation,  are  fluence  independent  and 
non-exponential.  An  ideal  biological  system  to 
study  the  properties  of  electronic  energy  transfer 
in  small  domains  is  the  /?  subunit  of  phycoerythrin 
isolated  from  the  photosynthetic  antenna  system 
of  the  blue-green  alga  Nostoc  sp.  The  phyco- 
ervthrin  pigment  is  one  component  of  the  phvco- 
bilisomes.  the  well  defined  organelles,  on  the  exte¬ 
rior  surface  of  the  thylakoid  membranes  of  these 
organisms.  In  trimer  form  phycoerythrin  of 
blue-green  algae  occupies  a  volume  approximated 
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by  a  right  circular  disk  of  radius  60  A  and  height 
30  A  [10].  The  basic  monomer  of  the  pigment 
consists  of  two  dissimilar  polypeptide  chains  to 
which  chromophores  are  covalently  bonded;  these 
chains,  called  the  a  and  /?  subunits,  contain  two 
and  four  chromophores  and  have  molecular 
weights  of  16600  and  19500  dalton  respectively 
[11.12].  In  this  paper  we  report  the  first  picosecond 
fluorescence  kinetic  measurements  of  the 
phycoerythrobolin  chromophores  in  the  /3  subunit 
of  phycoerythrin.  We  present  evidence  that  the 
observed  decrease  in  the  fluorescence  quantum 
yield  with  increasing  laser  intensity  arises  from 
enhanced  transmission  (with  possible  contribu¬ 
tions  from  upper  excited  state  absorption)  and  not 
bimolecular  exciton  annihilation  [13].  The  non-ex¬ 
ponential  fluorescence  kinetic  profiles  were  found 
to  be  intensity  independent  and  could  be  fitted  to 
either  a  double  exponential  or  the  Green  function 
theory  of  Ediger  and  Fayer  for  energy  transfer  in 
small  volumes. 


2.  Materials  and  methods 

Nostoc  sp.  (Strain  Mac)  was  grown  in  a  14  f 
fermentor  with  pink  or  cool  white  fluorescent  light 
as  described  previously  [14],  Phycobilisomes  were 
isolated  from  these  cells  according  to  the  protocol 
of  Troxler  et  al.  [15].  Phycoerythrin  was  obtained 
from  dissociated  phycobilisomes  by  use  of  calcium 
phosphate  chromatography  and  sedimentation  on 
linear  gradients  of  sucrose  as  detailed  by  Zilinskas 
and  Howell  [14],  The  smallest  phycoerythrin  ag¬ 
gregate  so  obtained  (trimers  (a$)3)  were  removed 
from  the  gradient,  dialyzed  exhaustively  against  1 
mM  potassium  phosphate.  pH  5.0,  containing 
0.02 %  sodium  azide,  and  were  then  lyophilized. 
This  sample  was  dissolved  at  10  mg/mt?  in  8.0  M 
urea.  0.01  M  potassium  phosphate  pH  8.0,  and 
0.01  M  /3-mercaptoethanol  and  incubated  at  37°C 
for  2  h.  The  denatured  phycoerythrin  was  then 
applied  to  a  DEAE-Sephacel  column  preequi¬ 
librated  with  the  denaturation  solution.  The  a  and 
p  subunits  were  eluted  (in  that  order)  with  a  linear 
gradient  of  increasing  NaCl  in  equilibrating  solu¬ 
tion.  The  peak  fractions  were  pooled  separately, 
dialyzed  against  0.1  M  potassium  phosphate,  pH 


5.0  to  effect  renaturation,  and  their  identities  as¬ 
sessed  by  absorption,  sedimentation  on  linear 
gradients,  and  electrophoresis  on  SDS-poly- 
acrylamide  gels.  Details  of  these  procedures  are  as 
described  earlier  [15], 

Experiments  were  performed  on  the  /?  subunit 
component  suspended  in  0.1  M  potassium  phos¬ 
phate  at  pH  5.  The  sample  OD  at  the  excitation 
frequency  was  0.38.  The  effects  of  self-absorption 
are  minimized  because  the  sample  is  frontally  ex¬ 
cited  and  most  of  the  observed  fluorescence  is 
beyond  580  nm,  where  the  absorption  of  the  sam¬ 
ple  is  small.  A  frequency  doubled  (530  nm)  8  ps 
single  pulse  from  a  mode  locked  Nd:glass  laser 
was  used  to  excite  the  sample  at  room  tempera¬ 
ture.  The  intensity  of  the  incident  fluence  was 
varied  by  placing  appropriate  neutral  density  filters 
in  the  excitation  pathway.  An  RCA  7265  PMT 
was  employed  for  relative  quantum  yield  measure¬ 
ments,  whereas  the  transmitted  light  was  moni¬ 
tored  with  a  diode  located  behind  the  sample.  A 
streak  camera  and  OMA  system  with  a  12  ps 
resolution  was  utilized  to  record  the  fluorescence 
kinetic  decays  which  were  digitized  and  stored  in  a 
computer  for  later  analysis. 


460  SOO  540  580  620  660  700  740  780” 


WAVELENGTH  (nm) 

I'ig  1  (A)  Relative  extinction  coefficient  for  /j  subunit,  (max) 
at  550  nm  =  310000  M  1  em  1 .  < B)  Relative  fluorescence 
intensity  versus  wavelength;  excitation  wavelength  530  nm. 
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3.  Results 

Fig.  1  shows  the  relative  extinction  coefficient 
and  fluorescence  emission  spectra  of  the  y3  sub¬ 
unit.  These  spectra  are  nearly  mirror  images  of 
each  other  and  are  similar  to  those  reported  by 
Zickendraht-Wendelstadt  et  al.  [12]  for  the  y3  sub¬ 
unit  isolated  from  Pseudanabaena  W1173.  The 
fluorescence  kinetic  profiles  (experimental  points 


indicated  by  dotted  curve)  for  low  and  high  pho¬ 
ton  fluence  (5.4  x  1013— 1 .7  x  1015  photon  cm  2) 
are  shown  in  fig.  2.  The  decays  are  highly  non-ex¬ 
ponential  as  can  be  seen  on  comparisons  with 
exponential  fits  shown  in  fig.  2A  (curves  1  and  2). 
The  decays  are  unchanged  in  shape  over  the  inten¬ 
sity  range  investigated.  Emission  rise  times  are 
within  experimental  resolution  of  the  system,  i.e. 
less  than  or  equal  to  12  ps.  The  decays  reach 
one-third  of  their  peak  value  in  about  400  ps. 
Illustrated  in  fig.  3  is  the  relative  fluorescence 
quantum  yield  (defined  as  the  integrated  fluores¬ 
cence  emission  divided  by  the  incident  number  of 
photons,  normalized  to  unity  at  low  laser  inten¬ 
sity)  as  a  function  of  pulse  intensity.  Its  form  is 
quite  similar  to  quenching  curves  reported  by  other 
workers  for  complexes  of  photosynthetic  bacteria 

[16]  and  green  plant  photosynthetic  components 

[17] ,  Also  shown  in  fig.  3  are  the  relative  transmis¬ 
sion  data  which  are  approximately  a  mirror  image 
of  the  quantum  yield  curve  and  offset  the  quantum 
yield’s  apparent  decrease  at  high  intensity.  The 
two  curves  break  from  unity  at  =  1.75  X  1014  pho¬ 
tons  cm  2. 


Fig  2.  Fluorescence  intensity  decays  for  single  pulse  excitation. 
Dotted  curves  experimental  data.  (A)  Incident  fluence  5.46  x 
10"  photons  cm  ;  per  pulse.  Theoretical  fits:  (I)  exponential. 
£  =  1.0x10%  (2)  exponential.  A  =  1.6  x  10*  s  (.1)  double 

exponential  0.65  exp(  -  kt  1+0.33  exp<  -  11  kt).  £=1.0x10'’ 
s  ’.  (4)  Paillolin  et  al.  [13).  exciton  annihilation  theory  with 
r  ~  0.1.  7.  =  1  and  £  =  1.0  x  lO*  s  \  (corresponds  to 

0.65  expf  -  £/)  +  0.32  expl  -  22£r)|.  (5)  double  exponential 
0  65  exp<  -  £r  1  +  0.33  expt  -  44£r ),  £  =  1.0x10*  s  ’.  (B)  Inci¬ 
dent  fluence  1.75X101'  photons  cm  :  per  pulse.  Fits  to  the 
expression  ( 1  +  l  lij  .V.  1.  / ))  exp<  -  £/ ).  A  =  1.72  x  lO*  s  '. 
\  =  4  with  ■  C  =  0.4.  R/R„  =  \.0.  a  C  =  0.2.  R/R„  =  0.5 
and  4  (  =0.4.  R/R„  =  0.5. 


1 01 3  1 014  10’6  1016 
INTENSITY  (PHOTON  cm2) 

Fig  3  Relative  apparent  quantum  yield  and  transmission 
versus  incident  single-pulse  fluence  (photon  cm  : )  Solid  line 
denotes  theoretical  fit  to  exciton  fusion  model  with  r  =  0  1  (13). 
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4.  Discussion 

The  kinetic  curve  profiles  are  intensity  indepen¬ 
dent  with  an  overall  e  1  time  of  =  400  ps  (see  fig. 
2).  They  can  be  made  to  fit  the  exciton  annihila¬ 
tion  theory  of  Paillotin  et  al.  (13]  with  values  of 
r  =  0.1.  k  =  1.0  x  lO1'  s  ',  and  Z  =  1.0.  where  r  is 
the  ratio  of  twice  the  monomolecular  decay  rate  to 
the  exciton  annihilation  rate  and  Z  =  y(  1  4-  X ). 
w  here  the  constant  X  c  1  and  v  is  the  average 
number  of  excitons  per  domain  at  t  =  0.  The  the¬ 
ory  predicts  multiexponential  expressions  for  the 
fluorescence  decay  curves.  For  these  values  of  r 
and  Z,  the  decay  is  approximately  a  double  ex¬ 
ponential  of  the  form 

0.65  exp(  —  kt )  +  0.32  exp(  -  22ki ). 

The  observation  that  the  decay  profiles  are  inde¬ 
pendent  of  excitation  intensity  however  invalidates 
interpreting  the  non-exponential  decay  in  terms  of 
exciton  fusion  since  a  five-fold  increase  or  de¬ 
crease  in  Z  should  produce  observable  shape  dif¬ 
ferences  in  the  fluorescence  curves.  For  the  ft 
subunit,  <550  =  310000  M  1  cm  1  [12]  implies  al 
=  y  =  1  at  an  incident  fluence  of  1.3  x  1015  pho¬ 
ton  cm  2  and  therefore  variations  in  Z  are  within 
the  experimentally  probed  intensity  range.  The 
extreme  sensitivity  of  the  shape  of  the  fluorescence 
decays  to  changes  in  Z  over  the  excitation  inten¬ 
sity  range  investigated  ensures  that  we  would  have 
noticed  such  changes  if  bimolecular  exciton  anni¬ 
hilation  processes  were  responsible  for  the  non-ex¬ 
ponential  decays.  Furthermore,  the  experimental 
data  in  fig.  3  demonstrate  that  corresponding  to 
the  decrease  in  the  apparent  fluorescence  quantum 
yield  with  increasing  pulse  intensity  there  is  an 
increase  in  transmission.  The  theory  of  exciton 
annihilation  as  given  by  Paillotin  et  al.  (13]  is 
known  to  be  applicable  only  if  the  transmission  is 
intensity  independent.  We  cannot  offer  a  quantita¬ 
tive  explanation  for  the  single  pulse  data  reported 
in  fig.  3.  However,  the  observation  that  the  relative 
transmission  ( TR )  and  apparent  fluorescence  yield 
(<>R)  are  approximately  mirror  reflection  of  each 
other  about  the  unit  axis  is  strongly  suggestive  of 
ground-state  depletion  since  under  steady-state  ex¬ 
citation  a  three-level  system  gives  <j>R  =  rR'  pro¬ 


vided  the  incident  intensity  is  less  than  the  satura¬ 
tion  intensity:  the  saturation  intensity  being  de¬ 
fined  as  that  intensity  required  to  obtain  a  fluores¬ 
cence  yield  decrease  of  50$  relative  to  its  low 
intensity  yield.  Without  a  quantitative  theory,  con¬ 
tributions  of  upper  excited-state  absorption  to  the 
observed  decrease  in  fluorescence  quantum  yield 
cannot  be  ruled  out. 

It  is  possible  to  fit  the  fluorescence  profiles  to 
an  expression  of  the  form  expi-ar'72  -  kt)  with 
A  =  4.4  x  10*  s  a=  1.27  x  10 1  s  1  \  however, 
such  a  fit  must  be  considered  fortuitous  since  this 
functional  behavior  is  predicted  under  assump¬ 
tions  that  are  not  applicable  to  the  /3-subunit, 
namely  energy  transfer  limited  to  two-dimensions 
in  a  system  of  infinite  extent  [2],  Our  data  can  best 
be  explained  by  ascribing  the  fluence  independent, 
non-exponentiality  of  the  fluorescence  kinetics  to 
emission  arising  from  more  than  a  single  chromo- 
phore.  A  good  fit  to  the  decays  can  be  obtained 
assuming  a  minimum  two-component  model  (see 
fig.  2A.  curve  3).  The  zero  of  time  in  figs.  2A  and 
2B  was  set  at  the  peak  of  the  fluorescence  inten¬ 
sity.  All  theoretical  curves  were  set  equal  to  the 
maximum  intensity. 

It  is  interesting  to  note  that  Fayer's  approxima¬ 
tion  for  the  solution  to  the  rate  equations  govern¬ 
ing  excitation  on  a  finite  number  of  chromophore. 
randomly  dispersed  in  a  finite  volume,  also  pro¬ 
vides  a  reasonable  quantitative  fit  to  the  kinetic 
profiles.  Several  theoretical  curves  are  shown  in 
fig.  2B.  The  key  quantity  in  Ediger-Fayer  theory 
[9]  for  electronic  excited-state  transport  among  a 
finite  number  N  molecules  distributed  randomly 
in  a  finite  volume  V  is  the  probability.  (7,(  N,  V.  t ), 
that  an  excitation  is  on  the  originally  excited  chro¬ 
mophore  at  time  t  in  the  absence  of  decay  due  to 
its  finite  lifetime.  (7S(  N.  V.  /)  is  a  Function  of  both 
A.  the  number  of  chromophores  in  the  domain 
and  /?//?„,  where  R0  is  the  Forster  critical  radius 
[3.4]  and  R  is  the  radius  of  the  sphere  which 
approximates  the  volume  of  the  domain  (for  the  p 
subunit  R  is  *  22  A). 

In  terms  of  the  response  function.  0,(0.  the 
fluorescence  decay  F(  t )  we  observe  is  given  by 

F[t)-FAt)  +  F±U) 

ccexp(-*0[l  +  CG„((V.  V. /)].  (1) 
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where  C  is  a  constant  which  depends  on  the  initial 
excitation  distribution  and  the  chromophores’  in¬ 
trinsic  anisotropy  and  Fx  and  F  denote  the 
fluorescence  emission  viewed  perpendicular  and 
parallel  to  the  incident  polarization  direction.  As 
indicated  in  fig.  2B  a  value  of  R/Rtl  on  the  order 
of  0.5  with  k  =  1.72  X  10’ s  1  gives  good  fits  with 
A'  =  4.  The  neglect  of  the  rotational  diffusion  in 
eq.  (1)  is  justified  since  Tri„  =  rjf'/AT  =10  6  s  at 
room  temperature  assuming  rj  is  units.  The  four 
chromophores  of  the  /3-subunit  have  definite 
orientations  relative  to  each  other  and  therefore  in 
a  strict  sense  violate  the  assumptions  employed  in 
deriving  eq.  (1).  Either  the  fits  to  eq.  (1)  are 
fortuitous  or  for  small  R/R „  and  V.  eq.  (1)  has  a 
much  broader  range  of  applicability  than  the 
randomization  of  chromophore  distances  (aver¬ 
aging)  implies.  This  could  be  rationalized  by  as¬ 
suming  that  few  configurations  contribute  for 
R/R  $  1  with  A’  small.  There  is  also  the  possibil¬ 
ity  that  the  solvent  produces  slight  positional  shifts 
of  the  /3-subunit  chromophores  thereby  providing 
some  degree  of  spatial  randomness.  For  A'  fixed, 
eq.  ( 1 )  constitutes  a  three-parameter  k.  R/R„.  and 
C.  For  example,  with  R  =  22  A  (the  radius  of  a 
sphere  approximating  the  /3-subunit  volume). 
R/R,,*  0.5  as  determined  from  the  fluorescence 
decay  curves  implies  a  Forster  transfer  distance 
( R )  on  the  order  of  40  A.  This  is  comparable  to 
R„  =  21  A  determined  for  the  a-subunit  (18). 

Ir  summary,  the  simplest  model  consistent  with 
the  experimental  data  reported  in  figs.  2  and  3  is 
that  the  domain  size  is  too  small  to  accommodate 
more  than  a  single  excitation,  a  view  consistent 
with  the  onset  of  bleaching  at  a  fluence  of  =  2  x 
1014  photon  cm  :  (  v  =  0.2).  Our  model  suggests 
that  after  the  absorption  of  one  photon  by  a  single 
chromophore  the  excitation  energy  is  quickly  dis¬ 
persed  among  the  other  three  chromophores  com¬ 
prising  the  /3  subunit.  The  time  for  randomization 
of  the  initial  excitation  is  on  the  order  of  hundreds 
of  picoseconds,  the  time  it  takes  G„(  M.  V.  t)  to 
approach  0.25.  The  fast  rise-time  ( <  10  ps)  is 
indicative  of  the  time  for  the  initial  emitting  chro¬ 
mophore  to  begin  fluorescing.  The  bleaching  indi¬ 
cated  by  fig.  3  is  interpreted  in  terms  of  the 
inability  of  530  nm  photons  to  connect  the  doubly 
excited  state  of  the  /3  aggregate  to  its  first  excited 


4*’ 

state.  Hence  in  contrast  to  the  non-linear  process 
of  singlet-exciton  annihilation  observed  in  larger 
size  aggregates  of  the  n  and  /3  subunits,  lor  exam¬ 
ple  the  c-phvcoerxthrin  |14).  it  appears  that  exd- 
ton  fusion  is  absent  in  verv  small  domains  I  he 
critical  size  of  a  domain  for  the  inoperatixeness  of 
exciton  annihilation  in  the  general  case  presuma- 
bl\  depends  not  onlv  on  the  number  of  chromo¬ 
phores  but  also  on  the  rate  (proportional  to  R,,". 
n  ■  b>  at  which  energx  is  transferred  among  them. 
A  general  theorx  of  when  exciton  annihilation  is 
inoperative  for  a  small  aggregate  of  chromophores 
constitutes  an  intriguing  theoretical  problem  still 
lacking  a  solution 
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The  prodromal  syndrome  of  radiation  sickness  is 
characterized  by  nausea  and  vomiting  but  the 
pathophysiology  and  the  treatment  of  this  entity  is 
largely  unknown.  We  investigated  this  problem  by 
determining  the  effects  of  ionizing  radiation  on 
gastric  function  with  and  without  administration  of 
the  dopamine  antagonist  domperidone.  We  mea¬ 
sured  gastric  electrical  control  activity  (waves  per 
minute),  fractional  emptying  rate  (percent  per  min¬ 
ute),  acid  output  (microequivalents  per  minute),  and 
plasma  levels  of  immunoreactive  fTendorphin. 
Twelve  conscious,  chair-adapted  rhesus  monkeys 
were  studied  twice  before,  once  immediately  after, 
and  once  2  days  after  a  single  800-cGy  (800  rads) 
60Co  total  body  irradiation.  In  addition  to  causing 
vomiting,  total  body  irradiation  transiently  sup¬ 
pressed  gastric  electrical  control  activity,  gastric 
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emptying  and  gastric  secretion,  while  increasing 
plasma  levels  of  immunoreactive  (3-endorphin. 
Domperidone  had  no  effect  on  vomiting  or  gastric 
function  either  before  or  after  irradiation,  but  it 
significantly  increased  plasma  immunoreactive  13- 
endorphin. 

Emesis  occurs  immediately  after  whole  body  irradia¬ 
tion  and  is  the  most  obvious  and  the  best  docu¬ 
mented  prodromal  symptom  of  radiation  sickness  (1, 
2).  Time  of  onset,  duration,  and  intensity  of  this 
vomiting  depend  on  the  species  (3)  as  well  as  on  the 
type,  dose  rate,  and  total  dose  of  irradiation  (2). 
These  symptoms  are  clearly  different  from  those 
observed  during  the  intestinal  syndrome,  which  oc¬ 
curs  7-15  days  after  irradiation  and  is  characterized 
by  diarrhea,  often  accompanied  by  intestinal  bleed¬ 
ing  (4). 

We  recently  studied  emesis  produced  in  dogs  by 
total  body  y-irradiation  and  evaluated  tfie  concur¬ 
rent  effect  of  irradiation  on  gastric  emptying.  We  also 
determined  the  efficacy  of  an  antiemetic  agent,  the 
dopamine  antagonist  domperidone.  on  vomiting  as 
well  as  its  effect  on  gastric  emptying.  In  this  dog 
model,  gastric  emptying  was  suppressed  during  the 
prodromal  syndrome  of  radiation  sickness.  Preven¬ 
tion  of  radiation-induced  vomiting  with  domperi¬ 
done  did  not  improve  the  suppression  of  gastric 
emptying  (5). 

The  present  studies  were  undertaken  to  further 
examine  the  relation  between  radiation-induced 
vomiting  and  stomach  function  in  an  animal  model 
that  appears  to  be  closer  to  humans  in  terms  of  brain 

Abbreviations  used  in  this  paper:  DTPA.  diethvlene  triamine 
pentaacetic  acid;  ECA.  electrical  control  activity;  FER.  fractional 
emptying  rate:  ip-END.  immunoreactive  p-endorphin 
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2  Irradiation  Day 


4.  2  Days 

Postirradiation 
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fetching 

Fi.mirt-  ].  Kxmnples  of  recording  of  <al<*(.tri<.«il  control  activity 
obtained  from  abdominal  bipolar  electrode  in  1  mon¬ 
key.  I.  Control  day:  2.  slow  activity  preceding  six 
retc  hing  episodes  <  harac  teri/ed  by  bursts  of  spastic, 
movements  of  the  c  hest  and  abdomen  (arrows |  fol¬ 
lowed  by  a  vomitus:  i.  irradiation  day.  no  vomiting  but 
slowing  of  elec  tric  al  ac  tivity:  2  days  after  irradiation: 
no  c.hange  com  pared  with  I. 

organization  and  gastric  function.  We  produced 
vomiting  in  rhesus  monkeys  with  a  single  dose  of 
total  body  irradiation  and  we  measured  gastric  acid 
secretion,  gastric  emptying  of  liquids,  and  gastric 
electrical  control  activity  (EGA)  before,  during,  and 
after  the  acute  prodromal  syndrome  of  radiation 
sickness.  In  addition,  we  determined  plasma  levels 
of  immunoreactive  /3-endorphin  (i/3-END)  and  evalu¬ 
ated  the  effect  of  domperidone  on  each  of  these 
parameters. 

Materials  and  Methods 

Twelve  conscious,  chair-adapted  rhesus  monkeys 
were  studied  on  4  separate  days  after  an  overnight  fast:  (a) 
control  day  after  i.v.  administration  of  placebo.  (b|  control 
day  after  i.v.  administration  of  domperidone  (1.0  mg  kg 
body  wt).  (c|  irradiation  day  after  administration  of  either 
placebo  or  domperidone.  and  (d)  2  days  after  irradiation 
(no  drug  given).  This  dose  of  domperidone  was  selected 
based  on  previous  experiments  in  the  dog  showing  that 
similar  doses  did  not  produce  any  side  effect  Placebo  and 
domperidone  were  given  blindly  and  in  random  order  on 
control  days.  Studies  were  performed  in  the  morning  and 
started  30  min  after  drug  administration  and  20  min  after 
either  sham  irradiation  on  control  days  or  after  irradiation 
on  irradiation  day.  On  control  days,  the  animals  were 
brought  to  the  exposure  room  and  the  doors  were  c  losed 
for  3  min.  On  irradiation  day.  each  monkey  was  exposed  to 
800  cdy  (800  rails)  total  body  irradiation  delivered  at  300 
c(Iy  min  by  two  large,  10'  Ci  '‘"Co  irradiators  placed 
anteriorly  and  posteriorly.  Phantom  studies  demonstrated 
that  the  midline  abdomen  received  800  i.dv  and  that  tile 
lie. id  received  800  cdy. 

Kadi  monkey  was  visually  monitored  (or  3  li  on  control 
days  and  8  h  on  irradiation  days.  Bipolar  nlectrii  al  poten¬ 
tials  were  recorded  from  two  abdominal  disposable  skill 
electrodes  on  a  multichannel  recorder  |  Heckman  R812. 
Beckman  Instruments.  Schiller  Park.  Ill  )  Abdominal  bi¬ 
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polar  recordings  displayed  periodic  waves  in  the  3-min 
range  that  have  been  shown  to  correlate  with  gastric  ECA 
when  gastric  serosal  electrodes  were  used  in  conjunction 
with  skin  electrodes  |8.7).  Each  fasting  and  postload  trac¬ 
ing  was  examined  blindly  by  one  of  us  (E  I).  D.|.  First,  the 
total  duration  during  which  gastric,  waves  could  be  count¬ 
ed  was  determined  by  visual  inspection  (e  g..  Figure  1. 
panels  1.  3.  and  4).  Of  the  98  tracings  obtained  (12 
monkeys  studied  on  4  separate  days  during  fasting  and 
after  the  load).  77  (80%)  could  be  completely  analyzed. 
Within  each  tracing,  artifacts  due  to  intragastric  mixing  or 
movements  of  the  animals  (e  g.,  retching  and  vomiting: 
Figure  1.  panel  2)  made  the  recording  inadequate  during 
-10%  of  the  lime.  Mean  fasting  and  postload  frequencies 
obtained  in  each  animal  on  each  study  day  were  used  to 
compute  the  grand  mean  (-SE)  for  each  type  of  study  in 
each  group  of  animals. 

Vomiting  was  defined  as  a  succession  of  strong  and  brief 
contractions  of  thoracic  and  abdominal  muscles  leading  to 
the  expulsion  of  gastric  contents  through  the  mouth: 
retching  was  defined  as  a  nonproductive  vomiting  18). 
During  both  events,  recordings  displayed  a  succession  of 
brief  bursts  of  high  potential  spikes  (Figure  1]  that  were 
dearly  different  from  the  movement  artifacts  that  were 
sometimes  superimposed. 

A  previously  described  and  validated  marker  dilution 
technique  (9.10)  was  used  concurrently  to  determine  gas¬ 
tric  secretion  and  gastric  emptying  during  a  40-min  fasting 
period  and  for  60  min  after  the  injection  of  an  80-ml  water 
load  (postload  period).  In  the  present  studies,  this  tech¬ 
nique  was  slightly  modified  in  that  "'""Tc-DTPA  (diethy¬ 
lene  triamine  pentaacetic  acid)  was  used  instead  of  phenol 
red  as  the  marker.  This  intubation  method  requires  only 
the  sequential  sampling  of  the  gastric  contents  and  permits 
concurrent  measurement  of  intragastric  volume,  gastric 
emptying,  and  gastric  secretion.  A  12F  double-lumen 
nasogastric  tube  was  placed  in  the  stomach  and  its  posi¬ 
tion  was  verified  by  the  water  recoverv  test  (11).  Starting 
45  min  later,  samples  of  the  mixed  gastric  contents  were 
aspirated  just  before  and  immediately  after  intragastric 

administration  of  5-20  ml  of  a  " . Tc-DTPA  lest  solution 

1 30  pCi  100  ml  HO:  pH  7.4;  37  C)  and  were  centrifuged. 
The  clear  supernatant  of  each  sample  was  assayed  for 
'""Tc-DTPA  concentrations  using  an  t'ltmgamma  auto¬ 
gamma  counter  (LKB  Instruments.  Turku.  Finland!  and  for 
titratable  acidity  using  electrometric  titration  to  pH  7.4 
(Radiometer.  Copenhagen.  Denmark).  These  determina¬ 
tions  were  repeated  every  10  min  during  the  basal  period 
and  after  intragastric  instillation  of  an  80-ml  water  load 
containing  '""’Tc-DTPA  (3  pdi  100  ml:  pH  7.4:  37  C|. 

Intragastric  volumes  of  fluid  (V,.  \  j.  .  .)  and  amounts  of 
""'"Tc-DTPA  (T< a.  T('j.  .  ,|  were  determined  at  the  time  of 
each  sampling  using  the  dilution  principle  (9.10.12.131. 
Fractional  emptying  rate  |g)  was  then  determined  (or  each 
10-min  interval  (t|  between  two  dilutions,  assuming  th.it 
emptying  was  a  first-order  process  (exponential)  during  a 
given  10-min  interval  and  using  the  following  equation: 

g  -  i log,  rt'i  j  it  ,ii  t. 

Because  g  is  allowed  to  vary  from  interval  to  interval,  no 
general  assumption  has  to  be  made  regarding  emptying 
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over  the  total  duration  of  the  experiment.  Net  fluid  output 
( /iv  |  in  milliliters  per  minute  was  then  determined  for  the 
corresponding  interval,  assuming  that  it  remained  con¬ 
stant  over  the  given  interval  and  using  the  following 
equation: 

H,  |V..  V,  »  expl  i*t||  -Jill  e\p(  gf||. 

Intragastric  volumes  of  fluid  and  masses  of  M‘""T<:-DTPA 
were  then  recalculated,  taking  into  account  these  first 
estimates  of  fiactional  emptying  and  fluid  output,  which 
were  iu  turn  recalculated.  This  iterative  process  was 
repeated  until  the  improvement  of  the  solution  became 
•  T’o  per  iteration.  Having  previously  determined  intragas¬ 
tric  concentrations  of  acid  (A,.  A>  .  .  .).  we  then  calculated 
net  acid  output  (It  \)  using  tin*  following  equation: 

IV..  ■  :\  V,  ■  :\  ■  e\p(  '  gl||  •  j»  ( 1  expl  «H|. 

These*  calculations  were  performed  using  a  loc  ally  devel¬ 
oped  program  and  a  PDP-10  computer  (Division  of  Com¬ 
puter  Research  and  Technology.  National  Institutes  of 
Health.  Hethesda.  Md.).  The  assumptions  involved  have 
been  desc  ribed  and  discussed  elsewhere  (9.  HI)  and  are 
based  on  the  original  contributions  by  Hildes  and  Dunlop 
(12)  and  by  (Jeorge  (12).  In  contrast  to  their  method, 
however,  the  present  technique  allows  correction  lor  emp¬ 
tying  and  secretion  occurring  during  the-  1-min  clve  dilu¬ 
tion  interval  and  c  an  be  applied  during  lasting.  On  irradia¬ 
tion  day.  intervals  with  occurrence  of  vomiting  were  not 
taken  into  ac  c  mint  tor  calc  ulation  of  g.  /{\  .  oi  /?  \. 

Plasma  <  one  entr.itions  ot  i/j-KNI)  were  determined  at  the 
start  and  at  the  end  (i.e..  2  b  after  sham  irradiation  or  true 
irradiation)  of  each  study  using  a  previously  dest  ribed 
radioiiumunoassav  (1-4).  Briefly.  the  antiboelv  used  ((!-.>.">) 
reengni/es  the  region  of  /i-K\D|  tl  corresponding  to  .uni- 
no  ac  ids  17  through  20  and.  therefore*,  detects  all  (i-\. \D 
peprtdes.  ,is  well  .is  /^-lipotropin.  on  an  ec|uimol.ir  basis. 
Addition  of  im  Teasing  amounts  oi  dog  plasma  in  the  ass,i\ 
resulted  in  measure, ible  amounts  of  i/TKND  wine  li  paral¬ 
leled  /i-KNDs  standard  iPeninsula  Fobs.  Inc  .  S.m  (lar- 
los.  ( latit  I 

The  statistical  siguiticance  ol  differences  observed  for 
c»«n  h  measurement  of  gastric  him  tinn  )e  g  .  t r.ic  tiniial  emp- 
t  \  ing  rate  ( l-l'.K ) .  a<  id  output)  was  e\ aluated  using  a  three* 
fac  to?  t treat inent .  lime,  and  inmikev  |  ,tnai\  sis  ot  variam  e 
with  repeated  measures  on  the  last  two  lac  tors  pi. Ill),  the 
program  1,1)1-0-411  ik  I.  Dorm,  and  an  IBM  2711  computer 
(I)i\  isjoii  ot  ( a xnputei  Kesear*  h  and  Tec  hm*lng\ .  National 
Institutes  ot  Health.  Hethesda.  Md  I. 
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Results 

No  vomiting  or  retching  was  observed  on 
control  days.  i.e..  after  sham  irradiation.  On  irradia¬ 
tion  day.  episodes  of  retching  or  vomiting,  or  both, 
were  observed  and  recorded  (Figure  1)  in  5  of  6 
monkeys  in  the  placebo  group  and  in  all  the  mon¬ 
keys  in  the  domperidone  group.  In  both  treatment 
groups,  these  episodes  started  29  ±  ;t  min  (mean  ± 
SE)  and  ended  71  -  9  min  after  irradiation.  During 
fasting.  1  monkey  in  each  group  exhibited  retching 
alone  and  9  had  retching  associated  with  vomiting  |4 
after  placebo  and  5  after  domperidone):  4  monkeys 
vomited  once.  2  vomited  twice.  2  vomited  three 
times,  and  1  vomited  four  times.  After  intragastric 
administration  of  the  water  load,  retelling  was  never 
observed  alone  and  only  (>  of  12  monkeys  had 
retching  and  vomiting:  when  present,  vomiting  oc¬ 
curred  only  once  and  always  in  monkeys  who  had 
already  vomited  during  fasting.  By  2  days  after 
irradiation,  vomiting  occurred  in  only  1  monkey: 
this  was  at  the  end  of  the  study  and  after  most  of  the 
stomach  contents  had  been  aspirated. 

Fasting  gastric  EC  A  is  depicted  in  Figure  1:  KCA 
was  ;i.:i  1  *  O.IO  per  minute  on  control  days  alter  the 
placebo  and  was  not  significantly  altered  by  domper¬ 
idone  (Table  1 ).  Electrical  control  activity  was  signif¬ 
icantly  decreased  after  irradiation,  and  returned  to 
control  level  2  days  after  irradiation  (Figure  1  and 
Table  1).  Electrical  control  activity  tended  to,  he 
lower  after  the  water  load  but  the  difference  was  not 
statistically  significant. 

Values  for  the  FFK  of  liquids  are  shown  in  Table  2 
and  in  Figure  2.  On  control  days,  the  FKR  was  stable 
during  the  lasting  period  hut  more  than  doubled 
after  the  water  load  lompared  with  lasting:  this 
response  was  not  sigtiifit  antlv  alluded  by  domperi¬ 
done  treatment.  On  irradiation  day.  lasting  FFK  was 
suppressed  as  soon  us  the  study  started  (20  •  2  min 
after  exposure!  and  was  not  signifit  antlv  stimulated 
bv  either  the  water  load  or  domperidone  As  a  result, 
there  was  virtually  no  emptying  ot  the  water  load  on 
irradiation  day  in  the  absent  e  ot  vomiting  I  Figure  4|. 
A  significant  (p  ■  0.05 1  torrelation  |r  0.001  was 
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Table  2.  Effect  of  Domperidone  and  Irradiation  on  Fractional  Emptying  Rate.  Acid  Output,  and  Fluid  Output _ 

Control  day  Irradiation  day 

Domperi-  Domperi-  2  days  after 

Placebo  done  Placebo  done  irradiation 


FER  (%  min) 

Fasting  (1) 

4.1 

i: 

1.3 

3  0 

1.2 

0.4 

* 

0  3“ 

0  3 

z 

0  3  ' 

3  4 

15 

Fasting  (2) 

5.5 

Z 

1.2 

3  9 

- 

1  3 

0  3 

z 

0  2" 

0  6 

z 

0  3“ 

3.3 

i 

12 

Postload 

n.8 

Z 

1.8 

11.3 

± 

1.3 

0  8 

z 

0  2" 

1  3 

z 

0  4- 

12.9 

i 

22 

AO  (/aEq  min) 

Fasting  (1) 

8.5 

Z 

3.0 

8.8 

r 

3  3 

5  4 

z 

22 

3  2 

z 

1  0 

15.2 

6  5 

Fasting  (2) 

9.7 

z 

3.8 

8  1 

z 

4.5 

0  0 

z 

0  0“ 

00 

z 

0  O'1 

14.6 

Z 

5.0 

Postload 

24.4 

z 

7.0 

21.1 

z 

8.4 

1  6 

z 

1  6“ 

0.0 

z 

0.0“ 

27.8 

Z 

8  1 

FO  (mi  min) 

Fasting  (1) 

0.21 

z 

0.06 

0  16 

z 

0  04 

0  40 

z 

0.12 

0.30 

z 

0  06 

0  24 

Z 

0.06 

Fasting  (2) 

0.20 

z 

0.04 

0.14 

z 

0.03 

0  23 

z 

0  06 

0.27 

z 

0  06 

0.24 

Z 

0.06 

Post  load 

0.30 

z 

0.04 

0.29 

z 

0.04 

0  12 

z 

0.01 

0.13 

z 

0.02 

0.23 

— 

0.05 

AO.  acid  output:  PER.  fractional  emptying  rate:  FO.  fluid  output.  Fasting  (1)  corresponds  to  the  period  0-20  min  after  the  start  of  the 
study;  on  the  day  of  irradiation,  this  period  was  20-40  min  after  exposure.  Fasting  (2 1  corresponds  to  the  period  20-40  min  after  the  start 
of  the  study;  on  the  day  of  irradiation  this  period  was  40-60  min  after  exposure  Values  are  mean  z  SE.  °  p  <  0.05  compared  with 
corresponding  value  on  control  day. 

found  between  gastric  EGA  and  mean  postload  FER  idone  group.  After  the  load,  fluid  output  was 

of  the  stomach,  the  best  fit  being  obtained  with  a  significantly  suppressed  in  all  monkeys  (Table  2). 

power  curve  (ECA  =  3.0  x  FER0  021)  As  domperidone  had  no  significant  effect  on  emp- 

Acid  output  was  significantly  stimulated  after  the  tying,  acid  output,  or  fluid  output,  either  in  the 

load  compared  with  fasting  on  control  days  (Figure  control  state  or  after  irradiation  (Table  2),  values 

4);  domperidone  did  not  significantly  modify  either  were  averaged  for  all  12  monkeys  and  are  depicted  in 

fasting  or  postload  acid  output.  After  irradiation.  Figures  2—4.  Two  days  after  irradiation,  all  gastric 

acid  output  was  suppressed  in  all  the  monkeys  who  parameters  had  returned  to  control  day  levels,  even 

had  secreted  on  control  day;  the  suppression  started  in  the  monkey  who  had  vomited  on  that  day. 

39  ±  4  min  after  irradiation,  persisted  after  load  As  shown  in  Table  3,  plasma  levels  of  i/3~END 

stimulation,  and  was  not  affected  by  domperidone  were  elevated  markedly  bv  domperidone  and  by 

(Table  2).  Interestingly,  acid  output  was  not  abol-  irradiation  with  placebo;  the  effects  of  radiation  and 

ished  in  the  only  monkey  who  did  not  retch  or  vomit  the  drug  were  additive.  Two  days  after  irradiation, 

gfjgr  irradiation.  plasma  concentrations  of  ijS-ENiD  returned  to  basal 

Fluid  output  was  significantly  stimulated  after  the  values.  Plasma  levels  of  i/3-E\D  were  significantly 

load  compared  with  fasting  on  control  days.  After  (p  <  0.05)  and  inversely  correlated  with  all  gastric 

irradiation,  fasting  fluid  output  tended  to  be  in-  parameters  (FER;  r  =  0.63:  ECA:  r  =  0.61.  acid 
creased  compared  with  control  days,  but  the  differ-  output:  r  =  0.71). 
ence  was  statistically  significant  only  in  the  domper- 
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Figure  2  Effect  of  irradiation  on  fasting  and  postload  gastric  remaining  in  the  stomach  over  time  \  alues  are  mean  - 

fractional  emptying  rate  Values  are  mean  ±  SE  SE 
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Figure  4.  Effect  of  irradiation  on  basal  and  load-stimulated  acid 
output.  Values  are  mean  z  SE. 


Discussion 

In  the  present  studies,  we  report  the  precise 
and  objective  measurements  of  the  immediate  occur¬ 
rence  of  retching  and  vomiting  in  rhesus  monkeys 
exposed  to  total  body  irradiation,  as  well  as  the 
relation  between  these  events,  gastric  function,  and 
pituitary  i/3-EN'D  secretion. 

The  visual  distinction  between  retching  and  vom¬ 
iting  may  be  difficult  in  fasting  monkeys,  although  it 
is  easy  in  the  presence  of  a  large  vomitus  of  food. 
Animals  can  either  store  a  small  vomitus  into  their 
cheek  pouches  and  then  swallow  it.  or  they  can  emit 
some  foamy  saliva  after  a  nonproductive  retching.  In 
the  present  studies,  recording  of  skin  potential 
helped  in  differentiating  between  these  two  types  of 
events,  demonstrating  retching  and  vomiting  in  9  of 
the  12  monkeys  and  retching  alone  in  only  2  mon¬ 
keys.  This  dose  of  800  cGy  has  been  selected  because 
it  is  twice  the  ED50  for  vomiting  as  previously 
determined  by  others  for  monkeys  (1,8).  Retching 
and  vomiting  started  after  a  delay  of  -30  min  and 
disappeared  after  70  min.  which  agrees  with  the 
observations  of  Middleton  and  Young  (1)  for  similar 
doses  of  exposure,  but  markedly  differ  from  a  delay 
of  almost  an  hour  with  doses  between  400  and  550 
cGy  (1)  and  a  delay  of  <5  min  after  a  dose  of  1200 
cGy  (8).  Thus,  the  interval  between  irradiation  and 
vomiting  appears  to  be  inversely  proportional  to  the 
dose  received. 

The  incidence  of  vomiting  after  irradiation  ap¬ 
pears  to  increase  if  monkeys  are  fed  solid  food  1-2  h 
before  irradiation  (8).  In  our  study,  however,  a  16-h 
fast  before  irradiation  does  not  appear  to  have  re¬ 
duced  the  incidence  of  this  "radioemesis":  more¬ 
over.  intragastric  administration  of  a  water  load  after 
irradiation  is  associated  with  only  6  vomiting  epi¬ 
sodes  versus  18  during  fasting,  suggesting  that  the 
incidence  of  radioemesis  is  actually  decreased  by 
gastric  distention  with  noncaloric  liquids  when  irra¬ 
diation  is  delivered  at  a  high  dose  rate  (500  cGy 
min). 

Gastric  ECA  may  be  recorded  via  skin  electrodes 
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as  first  described  in  1922  (quoted  in  Reference  15). 
The  frequency  of  this  cutaneous  electrogastrogram  is 
correlated  with  the  slow-wave  frequency  recorded 
from  gastric  serosal  electrodes  (6,7,16-18).  In  the 
present  studies,  the  frequency  of  ECA  was  signifi¬ 
cantly  decreased  on  the  day  of  irradiation  and  had 
returned  to  basal  values  2  days  later;  this  observation 
has  been  confirmed  by  preliminary  results  obtained 
in  monkeys  with  implanted  gastric  serosal  elec¬ 
trodes  (7).  The  radiation-induced  decrease  of  ECA 
frequency  accompanies  a  concurrent  decrease  of 
gastric  FER  both  during  fasting  and  after  the  load. 
This  latter  finding  is  similar  to  that  observed  in  dogs 
(5,19)  and  in  rats  (20). 

Our  observations  demonstrate  that  ionizing  radia¬ 
tion  has  a  different  effect  on  gastric  acid  output  and 
on  nonparietal  secretions.  Immediately  after  irradia¬ 
tion,  acid  output  is  suppressed  both  during  fasting 
and  after  a  water  load  (Table  2  and  Figure  4).  This 
suppression  of  acid  could  be  due  to  ultrastructural 
changes  of  parietal  cells  similar  to  those  observed  in 
the  mouse  within  30  min  of  exposure  (21),  but  it  is 
clearly  different  from  the  hypochlorhydria  due  to 
gastric  atrophy  that  appears  several  weeks  after  irra¬ 
diation  (22-24).  In  contrast,  fluid  output  is  sup¬ 
pressed  only  after  the  water  load,  whereas  it  remains 
unchanged  or  even  tends  to  increase  during  fasting 
(Table  2).  Thus,  fasting  nonparietal  fluid  secretions 
appear  to  be  increased  immediately  after  irradiation, 
thereby  masking  the  concurrent  suppression  of  the 
parietal  component  of  fluid  output.  As  nonparietal 
secretions  are  not  stimulated  after  a  water  load  (9), 
no  change  of  fluid  output  is  expected  during  the 
postload  period  if  acid  output  is  suppressed.  In  fact, 
the  significant  decrease  of  fluid  output  after  the 
water  load  indicates  that  the  effect  of  irradiation  on 
nonparietal  secretions  is  biphasic,  consisting  of  an 
initial  stimulation  followed  in  40  min  by  an  inhibi¬ 
tion  of  fluid  output.  Two  days  later,  however,  both 
parietal  and  nonparietal  secretions  have  returned  to 
basal  values. 

The  relation  between  radiation-induced  emesis 
and  gastric  inhibition  is  unclear.  As  acid  suppres¬ 
sion  starts  at  about  the  same  time  as  vomiting  and 
persists  after  its  disappearance,  these  two  symptoms 
may  be  closely  related;  this  possibility  is  also  sup- 

Table  3.  Effect  of  Irradiation  on  Plasmu  Immunorpactivp 
0-Endorphin  in  Pico  grams  per  Milliliter 
I.Mean  -  SE) 
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porltid  by  our  unccclotiil  lintling  that  acid  output  was 
unchanged  after  irradiation  in  the  only  nionkev  that 
did  not  retch  or  vomit.  In  contrast,  radiation-induced 
suppression  of  gastric  emptying  and  of  IX '.A  is  ob¬ 
served  even  in  the  2  monkeys  that  did  not  vomit: 
furthermore,  in  the  animals  that  slid  vomit,  gastric 
emptying  suppression  starts  before,  and  persists  af¬ 
ter  disappearance  of.  emesis.  Thus,  radiation-in¬ 
duced  slowing  of  gastric  emptying  mav  appear  inde¬ 
pendently  from  vomiting. 

The-  mechanism  of  radiation-induced  emesis  and 
gastric,  inhibition  is  probably  multifactorial.  The 
central  nervous  system  appears  to  plav  a  pivotal  role 
in  these  symptoms,  as  suggested  by  the  rise  of 
plasma  i/B-E\I)  observed  after  irradiation.  This  rise 
is  similar  to  that  observed  after  exposure  to  plnsic.al 
stress  (2a.2f)|  and  could  be  responsible  lor  the  ob¬ 
served  vomiting  and  gastric,  inhibition  |27.28|.  It  is 
probably  due  to  the  tac.t  that  irradiation  activates  the 
peripheral  end  of  afferent  nerves  or.  alternatively, 
causes  the  release  ol  humoral  or  toxic,  substances.  A 
direc  t  effec  I  of  irradiation  on  the  brain  appears 
excluded  by  the  observation  that  shielding  ol  the 
chemorec  eptor  trigger  zone  does  not  prevent  radia¬ 
tion-induced  vomiting  ( 1  r>|. 

Our  observation  tb.it.  in  the  monkey,  dumperidone 
does  not  prevent  vomiting  induced  by  HtlO-cXiy  ‘•"Co 
total  body  irradiation,  whereas  it  is  effective  in  the 
dog  la),  could  be  related  to  the  two  major  relevant 
differences  that  are  known  to  exist  between  these 
two  animal  models:  the  KI)-.,,  tor  radiation-induced 
vomiting  is  lower  in  the  clog  than  in  the  monkey  |H| 
and.  in  addition,  the  dopamine  receptor  agonist 
apomorphine  causes  vomiting  in  clogs  hut  not  in 
monkeys  |2*)|.  Thus,  the  sensitivity  ol  dopamine 
receptors  to  their  agonists  and  antagonists  could  be 
lesser  in  monkeys  than  in  clogs.  Alternat ivel v.  the 
blood-brain  barrier  surrounding  the  vomiting  <  enter 
and  the  c  hemorec. eptor  trigger  zone  mav  be  <  onsider- 
ably  more  permeable  to  domperidone  and  epoinor- 
phine  in  the  dog  as  c  ompared  with  the  monkey.  The 
ability  ol  domperidone  to  significantly  inc  reuse  <  ir- 
c  dieting  levels  ol  ijtf-KXI)  without  altering  vomiting 
or  gastric  function  indic  ates  that  c  hanges  in  blood- 
borne  i/i-KXI)  do  not  solely  account  for  the  etlec  Is  ol 
radiation  on  gastric  function.  These  findings,  howev¬ 
er.  are  consistent  with  the  demonstration  that  dopa¬ 
minergic  rcc.cptoi  blockade  results  in  the  release  ol 
pituitary  iff- I'M )  in  both  dogs  and  rats  | :tt).:t  1 1:  taken 
together,  they  suggest  that  dopaminergic  inhibition 
ol  pituitary  i/f-l!\l)  release  is  a  common  lealure 
among  mammals 

In  c  one  lesion,  radiation-induced  emesis  is  ue  e  nin- 
penieel  by  a  suppression  of  gastric  emptying  and  ac  id 
secretion  The  concurrent  slowing  ol  gastric  IXiA 
suggests  that  an  alteration  ol  the  motilitv  ol  the 


stomac  h  is  responsible  tor  the  suppression  ol  gastric 
emptying.  The-  time;  ol  onset  of  each  symptom  after 
irradiation  and  the-  transiency  of  the  ac  ute  prodromal 
syndrome;  to  radiation  sickness  suggest  the  involve¬ 
ment  of  neural  or  neurohormonal  mechanisms,  or 
both,  or  a  receptor  inactivation  (.12).  The  release  of 
pituitary  i/X-HM)  demonstrated  bv  the  present  stud¬ 
ios  could  mediate  these  effects  and.  in  addition, 
clearly  indicates  an  alteration  of  brain  function. 
Thus,  the  central  nervous  system  appears  to  play  a 
pivotal  rolc>  in  the1  digestive  symptoms  that  immedi¬ 
ately  follow  total  body  irradiation. 
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Diamine  oxidase  (DAO:  EC  1.4. 3. 6)  activity  was  measured  in  plasma  and  in  ileal  tissue 
homogenates  prepared  from  male  Sprague- Dawley  rats  euthanized  at  1-15  days  after  acute 
whole-body  irradiation  with  14.5-MeV  electrons.  Animals  irradiated  with  1  Gy  showed  no 
diminution  in  plasma  and  ileal  DAO  activities  through  Day  13  relative  to  nonirradiated 
controls.  Animals  irradiated  with  5.  10.  and  12  Gy  displayed  marked  declines  in  ileal  DAO 
activity,  with  levels  reaching  a  nadir  on  Day  3.  This  was  paralleled  by  a  decrease  in  plasma 
DAO  activity  in  all  three  dose  groups.  Recovery  of  ileal  and  plasma  DAO  levels  was  later  seen 
as  early  as  Day  4  in  animals  irradiated  with  5-  and  )0-Gy  doses,  but  animals  receiving  12  Gy 
did  not  survive  beyond  Day  3.  The  relationship  between  radiation  dose  and  levels  of  plasma 
and  ileal  DAO  on  Day  3.  the  time  of  maximum  decrease  at  all  doses,  was  also  investigated. 
Ileal  DAO  activity  decreased  almost  linearly  between  2  and  8  Gy.  Plasma  DAO  activity  closely 
paralleled  the  dose  dependency  of  the  ileal  levels.  These  data  suggest  that  plasma  DAO  activity 
might  be  useful  as  a  biologic  marker  of  intestinal  epithelial  injury  and  recovery  after  acute 
radiation  exposure.  *  iw  Academic  Pr<-».  Inc 


INTRODUCTION 

The  levels  of  biological  constituents  found  in  the  serum  and  urine  of  animals  can 
be  markedly  altered  following  whole-body  exposure  to  ionizing  radiation  (1-3).  In 
some  cases  these  alterations  directly  reflect  radiation-induced  biochemical  damage 
at  the  molecular  or  subcellular  level  (4.  5),  while  changes  observed  in  certain  serum 
proteins  most  likely  represent  a  nonspecific  response  to  stress  (6).  Even  though 
changes  in  metabolites  and  proteins  in  physiologic  fluids  are  potential  indicators  of 
the  extent  of  injury  and  of  the  total  dose  received,  estimates  of  radiation  trauma 
rely  principally  on  clinical  manifestation  and  hematologic  changes  (7).  Furthermore, 
none  of  the  biological  indicators  of  radiation  injury  studied  to  date  directly  reflect 
the  degree  of  mucosal  injury  and  recovery  following  acute  exposure.  Also,  they  do 


1  Research  was  conducted  according  to  the  principles  enunciated  in  the  Guide  tor  the  Care  and  L'se  of 
Laboratory  Animals  prepared  by  the  Institute  of  Laboratory  Animal  Resources.  National  Research 
Council. 
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not  permit  differentiation  between  concomitantly  developing  bone  marrow  hypoplasia 
and  gastrointestinal  damage.  The  ability  to  monitor  the  degree  of  damage  to  the 
intestinal  epithelium  (as  distinct  from  other  injury)  is  particularly  important  in 
assessing  the  status  of  an  exposed  individual,  when  one  considers  that  (a)  the 
intestinal  epithelium  is  approximately  as  radiosensitive  as  bone  marrow  and  (b)  a 
close  association  exists  between  the  functional  efficiency  of  the  gastrointestinal  and 
hematopoietic  systems  and  the  development  of  the  full  acute  radiation  syndrome 
(8.  9). 

Several  recent  investigations  (10-12)  have  shown  that  levels  of  intestinal  mucosal 
diamine  oxidase  [DAO;  EC  1. 4.3.6]  decrease  with  progressive  mucosal  injury  and 
increase  with  subsequent  recovery,  and  that  DAO  activity  in  the  plasma  follows  a 
parallel  course.  Thus  changes  in  plasma  DAO  activity  may  be  a  relatively  specific 
marker  of  intestinal  injury  and  regeneration  in  the  rat  and  in  the  human  (10.  11). 
The  present  investigation  was  designed  to  assess  whether  the  use  of  plasma  DAO 
activity  might  be  useful  as  a  marker  of  the  integrity  of  the  intestinal  epithelium 
after  radiation  exposure.  Such  a  marker  would  make  possible,  through  blood 
sampling,  the  clinical  evaluation  of  radiation-induced  gastrointestinal  damage  and 
the  efficacy  of  measures  designed  to  minimize  that  damage. 

METHODS 

Male  Sprague-Dawley  rats  (Taconic  Farms).  1 50-250  g.  were  irradiated  with  14.5-MeV  electrons 
delivered  from  the  AFRRI  linear  accelerator.  Pulse  duration  was  4  ^sec,  and  pulses  were  delivered  at  a 
rate  of  15/sec.  Dose  rate  was  approximately  7  cGy  per  pulse  (60  Gy/min.  1  Gy  =  100  rad).  Dosimetry 
was  accomplished  by  using  a  0.05  cm3  tissue-equivalent  ion  chamber  whose  calibration  is  traceable  to  the 
National  Bureau  of  Standards.  Animals  were  maintained  throughout  the  experiment  on  Wayne  Lab-Blox 
rat  chow  and  acidified  water  ad  libitum. 

Animals  were  euthanized  by  cervical  dislocation,  and  blood  was  withdrawn  by  draining  through  the 
vena  cava  into  Vacutainer  heparinized  tubes.  Plasma  was  obtained  by  centrifugation  of  the  blood  at 
3000#  for  20  min.  The  distal  third  of  the  small  intestine,  designated  ileum,  was  removed.  It  was  rinsed 
briefly  and  homogenized  in  9  vol  of  ice-cold  Sorensen’s  phosphate  buffer.  pH  7.4.  The  tissue  homogenates 
were  then  centrifuged  at  1 5,000g  for  20  min  to  remove  particulate  matter  They  were  then  stored,  along 
with  plasma,  at  -80°C  until  use.  Protein  was  determined  by  the  method  of  Lowry  et  at.  (13). 

The  assay  of  DAO  activity  was  based  on  the  method  of  Okuyama  and  Kobayashi  (14)  as  modified  by 
Beaven  and  ShafT(/5).  Briefly,  tissue  homogenates  and  plasma  samples  were  incubated  with  [3H]putrescine 
(New  England  Nuclear  Corp.,  Boston,  MA;  27  pmole/liter  ^Ci)  in  Sorensen's  phosphate  buffer  (pH  7.4) 
for  I  and  3  hr,  respectively,  at  37°C.  The  concentration  of  putrescine  was  I  m M  for  tissue  homogenate 
assays  and  0.01  mM  for  plasma  assays;  the  final  assay  volume  was  0.2  ml.  At  the  end  of  the  incubation. 
0.2  ml  of  an  aminoguanidine  solution  (4  x  10  5  M)  in  Sorensen's  buffer  was  added  to  stop  the  reaction. 
The  labeled  product  was  extracted  from  the  incubation  mixture  directly  into  2.0  ml  of  a  PPO-POPOP3 
and  toluene  scintillation  mixture,  and  a  1 ,0-ml  portion  was  assayed  for  radioactivity. 

RESULTS  AND  DISCUSSION 

Plasma  DAO  activity  appears  to  come  primarily  from  the  small  intestine  in  many 
mammalian  species,  including  the  rat  and  man  (10.  16).  In  the  rat,  the  mucosa  is 
the  site  of  highest  DAO  activity  in  the  small  intestine.  This  mucosal  activity  is 
associated  with  the  mature  villous  tip  absorptive  cells  rather  than  the  proliferating 
crypt  cells  (17).  Radiation  damage  to  the  small  intestine  is  characterized  by  injury 

JPPO  =  2,5-diphenyloxazole;  POPOP  =  1 ,4-bis-2-(  5-phenyloxazoly  I  (benzene. 
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to  the  crypt  stem-cell  populations,  resulting  in  a  decreased  population  of  mature 
villous  cells.  As  a  result  of  this  epithelial-cell  attrition  without  renewal,  one  expects 
to  observe  a  decline  in  DAO  activity  of  both  the  intestinal  mucosa  and  the  plasma, 
thus  paralleling  the  decrease  in  population  of  mature  villous  cells.  Our  results 
confirm  this  expectation. 

Figure  1  shows  the  effect  of  acute  radiation  exposure  on  ileal  mucosal  and  plasma 
DAO  activities  in  the  rat.  No  diminution  in  these  DAO  activities  was  observed 
within  13  days  after  irradiation  with  a  dose  of  1  Gy.  Following  a  dose  of  5  Gy, 
however,  mucosal  DAO  levels  fell  markedly  to  less  than  40%  of  basal  levels  by  Day 
3.  with  subsequent  recovery  by  Day  5.  This  time  course  is  similar  to  that  observed 
for  morphologic  and  physiological  changes  that  indicate  mucosal  injury  and  recovery 
(/#,  IV).  The  loss  and  subsequent  recovery  of  plasma  DAO  activity  following  a  5- 
Gy  dose  paralleled  that  of  mucosal  DAO  activity.  Although  plasma  DAO  levels  also 
reached  a  nadir  on  Day  3,  complete  recovery’  was  not  evident  through  the  remainder 
of  the  15-day  observation  period,  with  the  maximum  DAO  activity  at  80%  of 
control  levels  on  Day  9.  A  similar  pattern  was  seen  in  animals  irradiated  with  10 
Gy.  Both  ileal  mucosal  activities  and  plasma  DAO  activities  reached  a  minimum 
on  Day  3  and  then  gave  signs  of  recovery  through  Day  6.  Death  of  irradiated 
animals  prevented  observation  beyond  this  time.  Similarly,  animals  irradiated  with 
12  Gy  failed  to  survive  beyond  Day  3,  although  the  precipitous  decline  in  levels  of 
both  mucosal  and  plasma  DAO  activity  was  again  observed  during  these  first  3  days 
postirradiation. 

Figure  2  shows  the  relationship  between  radiation  dose  and  levels  of  plasma  and 
mucosal  DAO  activity  on  Day  3,  the  time  of  maximum  decrease  at  all  doses  tested. 
Relative  to  nonirradiated  control  animals,  mucosal  DAO  activities  decreased  almost 
linearly  between  2  and  8  Gy  (presumably  reflecting  increasing  mucosal  injury),  after 


al  I  Gy  kl  5  Gy 
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Flci.  1 .  Effect  of  acute  radiation  exposure  on  ileal  and  plasma  DAO  activities  in  the  rat.  Each  point 
represents  the  mean  of  data  from  five  animals:  bars  indicate  ±  1  SEM. 
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Fig.  2.  Effect  of  increasing  radiation  doses  on  plasma  (2A)  and  ileal  (2B)  DAO  activities  in  the  rat  3 
days  after  exposure.  Each  point  represents  the  mean  of  data  from  five  animals:  bars  indicate  ±1  SEM. 


which  no  further  decrease  was  observed.  Except  for  the  absence  of  a  shoulder 
between  0  and  2  Gy,  plasma  DAO  levels  closely  paralleled  the  dose  dependency  of 
the  mucosal  enzyme.  The  dose-dependent  changes  in  DAO  activity  shown  in  Fig.  2 
cannot  be  accounted  for  on  the  basis  of  loss  of  protein,  since  decreases  in  protein 
were  observed  only  at  the  higher  doses,  and  these  appeared  to  be  minimal.  For 
example,  the  protein  found  in  the  gut  homogenates  decreased  from  a  control  value 
of  6.82  ±  0.10  mg/ml  to  5.80  ±  0.20  mg/ml  or  15%  in  samples  obtained  from  rats 
exposed  to  10  Gy.  Likewise,  protein  found  in  plasma  samples  decreased  by  only  8% 
following  exposure  to  10  Gy. 

These  data  suggest  that  DAO  activity  may  serve  sis  a  useful  plasma  marker  of 
mucosal  integrity  in  the  irradiated  rat.  Although  the  significance  of  these  data  for 
irradiated  humans  was  not  investigated,  recent  studies  have  shown  the  potential  of 
plasma  DAO  activity  as  a  useful  marker  in  the  human  for  studying  intestinal 
mucosal  toxicity  of  chemotherapy  (//)  and  a  number  of  pathological  conditions 
involving  the  small  intestine  (12,  20).  It  seems  likely  that  plasma  DAO  levels  would 
reflect  the  integrity  of  intestinal  mucosa  in  irradiated  humans. 
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Wound-induced  alterations  in  survival  of  “Co  irradiated  mice:  importance  of  wound  timing1' 
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Summary.  Wounding  mice  shortly  before  or  shortly  alter  lethal  To  irradiation  enhances  survival.  Survival  of  wounded-trradiated 
mice  may  be  due  to  enhanced  hematopoietic  recovery  as  measured  by  endogenous  spleen  colony  (E-CFU-s)  formation 
Key  words.  Trauma;  radiation;  combined  injury;  endogenous  spleen  colonies. 


In  previous  publications'  '  we  established  that  skin-wound 
trauma  24  h  prior  to  graded  doses  of  “Co  radiation  resulted  in 
survival  of  mice  that  ordinarily  would  die  from  radiation-in¬ 
duced  hematopoietic  failure.  We  also  examined  the  rcpopulation 
of  hematopoietic  centers  with  early  proliferative  cells  [colony 
forming  unit-splccn-(C'F'U-s))  and  committed  progenitor  cells 
(granulocyte-monocyte  colony  forming  cell  (GM-CFC)  and  mo¬ 
nocyte-macrophage  colony  forming  cell  (M-CFO)  of  suhlc- 
thally  irradialed-woundcd  mice. 

While  radiation  has  been  employed  in  mice1’  ’  and  rats"  in  combi¬ 
nation  with  surgical  or  wound  trauma,  the  timing  of  wounding 
prior  to  or  alter  whole  body  lethal  radiation  doses  has  not  been 
comprehensively  studied  in  both  sexes  of  a  single  species  Our 
previous  work'1  in  combined  injury  (radiation  wound  trauma) 
and  that  of  others  dealing  with  the  recovery  from  radiation 
injury  suggests  the  use  of  the  endogenous-colony  forming  unit 
spleen  (F.-C'FT  -s)  assay  as  a  potential  indicator  of  survival  and 
recovery  from  radiation  damage  in  mice.  Additionally,  wound 
trauma  alone1  perturbs  the  clonogcnic  cell  compartments  of  the 
hematopoietic  system.  Since  hematopoietic  cells  are  involved  in 
restoration  after  lethal  radiation  doses,  we  posited  that  wound 
timing  relative  to  radiation  exposure  would  effect  survival  from 
the  combined  injury  Therefore,  in  the  present  study  we  deter- 
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Figure  1  The  30-day  survival  percentages  of  wounded  irradiated  Bra  HI  1 
female  mice  At  each  tune  point  indicated  wounding  wav  performed  on  16 
mice  with  the  exception  that  4?  mice  were  miured  I  day  after  irradiation 
All  control-irradiated  mice  died  (data  noi  shown)  wuh  the  exception  that 
one  mouse  lived  afler  4  ft  Civ  All  control-wounded  mice  survived  4  fl  Civ 
■ — m.  inotiy  • . ii  o c ;>  a  a 


mined  I)  the  survival  of  mice  wounded  prior  to  or  after  lethal 
irradiation  and  2)  the  number  of  E-CFU-s  in  mice  wounded 
prior  to  or  afler  lethal  irradiation. 

Materials  and  methods.  Female  and  male  (C57BI.  6  X  CBA)FI 
Cum  BR  mice  were  obtained  from  Cumberland  View  Farms. 
Clinton.  Tennessee  All  mice  were  acclimated  to  laboratory  con¬ 
ditions  as  previously  described" 

Between  the  hours  of  10.00  and  14  00.  groups  of  mice  were  given 
4%  skin  surface  wounds  under  light  mclhoxyflurancancslhesia. 
The  technique  for  wounding  was  previously  described". 
Whole-body  irradiations  of  40  radmin  (midlinc  tissue)  from 
bilaterally-positioned  “Co  elements  were  performed  on  mice 
placed  in  plexiglass  rcstrainers.  An  ioni/alion  chamber  cali¬ 
brated  against  a  National  Bureau  of  Standards  ionization  cham¬ 
ber  was  used  for  dose  determinations  Radiation  exposures  were 
performed  between  10.00  and  14  00  h  Irradiations  of  trauma¬ 
tized  animals  were  appropriately  timed  in  relation  to  skin 
wounding  (see  figs  I  and  2). 


Figure  2  The  mean  survival  limes  (days!  of  control  irradiated  and 
wounded-irradrated  mice  'these  data  reflect  rhe  survival  of  mice  only 
within  the  30-day  observation  period  See  figure  I  legend  lor  symbols 
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In  1  -(  T  l  ’-s  studies,  spleens  were  removed  from  mice  10  days 
alter  irradiation,  placed  in  Bourn's  solution  for  4  h  and  the 
colonics  counted  (double-blind  determinations)  Presented  in 
tigure  3  are  the  mean  values  t  :  SI  Ml  of  two  independent 
counts  for  each  group  of  spleens 

3(1- Jay  survival  and  I  (  H  -s  experiments  were  simultaneous!) 
performed  at  9.0.  1 0.0.  and  1 1.0  Civ  on  mouse  groups  given 
either  i)  wound  trauma  and  radiation.  2)  radiation  only  or 
3 I  wound  trauma  onlv  Approximately  "*00  mice  were  used  in  all 
three  experiments  Survival  percentages  were  based  on  groups  of 
lb  mice  each,  while  l  -C  l  l  -s  studies  were  done  with  eight  mice 
per  group. 

The  survival  data  were  analyzed  as  follows.  The  Kruskal* Wallis 
lest  was  used  when  all  mice  died  within  30  days.  The  (ox 
I  -test1  was  used  when  some  mice  within  an  experimental  group 
survived  (observations  censored,  l  c  .  terminated  at  30  davs) 

1  he  chi-square  test  was  used  when  comparing  surviv ing  propor- 
tions  within  radiation  doses. 

Results.  Figure  I  illustrates  the  30-day  survival  percentages  of 
female  mice  wounded  before  or  after  irradiation  The  mean 
survival  times  of  mice  dung  within  each  of  the  treatment  groups 
are  depicted  in  figure  2. 

\i  o  o  ( i\ .  wound  iniurv  performed  2  davs.  I  day.  10  mm  before 
or  lo  min  after  irradiation  resulted  in  significant  tp  0.01 )  en¬ 
hancement  of  survival,  fills  was  true  lor  both  survival  times 
ip  ool)  as  measured  by  the  C  ox  1  test  and  for  survival  per¬ 
centages  (p  •  o  n|  ur  p  •  0  0s)  measured  bv  the  chi-square  test 
Importantly.  wounding  I  dav  after  irradiation  (3.X  of 47  died)  did 
not  significant!)  contribute  to  the  mortality  percentage  when 
compared  to  that  of  the  nradialcd  controls  1 15  of  lb  died).  In 
mice  given  loo  Civ.  iniurv  sustained  either  I  dav  or  10  nun  print 
in  irradiation  produced  a  significant  tp-  .001  and  p-  00\ 
respective!) » increase  in  survival  percentage  Survival  times  were 
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in  1 1 n m ».■■*  I  l  -.M  ix-  oUr.iineil  Irotn  mice  .til  exposed  r  id.  t * i* •»’.  it  *he 
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also  sigmllcantl)  tp  •  OOli  increased  for  iniurv  I  dav  before 
irraduit u>n  Imurv  1  dav  alter  100  Civ  significant!)  ip  -  001) 
reduced  the  survival  time  from  that  observed  for  irradiated  con¬ 
trols  (14  2:0^  vs  HtO  2  davs)  Iniurv  either  before  or  after 
11.0  Civ  had  no  significant  positive  or  negative  influence  on 
survival  percentages  or  survival  times 

The  results  of F-(  F  l  -s  analysis  for  female  mice  are  illustrated  in 
figure  1  In  all  survival  and  T -Cl  l  -s  experiments,  mice  were 
irradiated  simultaneously  I  -CM  -s  were  delected  after  wound- 
irradiation  time  intervals  and  radiation  doses  that  were  associ¬ 
ated  with  statistically  sign itica ill  increases  in  survival  percent¬ 
ages  or  survival  times  The  single  exception  to  this  was  when 
mice  were  wounded  lo  nun  he  lore  10  Civ  I  -C  IT  -s  were  not 
detected  even  though  survival  was  observed  In  most  instances 
where  all  the  combined-injured  animals  died  or  where  survival 
times  were  significantly  decreased  compared  to  irradiated  con¬ 
trols,  none  or  very  lew  l.-CTl  -s colonies  were  found  Ibuvcvei. 
in  the  case  of  mice  wounded  1  day  prior  to  1 10  Civ  where  no 
enhancement  of  survival  was  found.  I  -C  I  I  -s  were  present 
Dim  uwum  The  foregoing  data  support  the  contention  that  stra¬ 
tegically  timed  wound  trauma  results  in  1)  an  increase  in  the 
number  of  mice  surviving  lethal  irradiation  and  2)  an  increase  in 
endogenous  spleen  colonies  in  irradiated  mice  which  may  ac¬ 
count  for  the  increased  survival  T  hree  important  factors  may  be 
considered  in  interpreting  our  data  I  hey  arc  I )  sex  differences  in 
response  to  radiation.  2)  wound  contamination  with  bacteria 
and  3)  mechanisms  of  action  leading  to  survival  or  mortality 
First,  the  response's  depicted  graphically  digs  I  3)  were  obtained 
with  female  mice.  In  other  experiments  (data  not  shown)  male 
mice  of  the  same  genetic  lineage  were  used  W  ounding  before  or 
after  4  0.  10  0,  or  1 1  0  (>y  “"C  o  resulted  in  similar  survival  pa¬ 
rameters  The  mam  quantitative  difference  noted  was  that  both 
survival  percents  and  survival  times  were  generally  greater  m 
male  mice  versus  dial  louud  in  female  mice  T  his  may  he  due  to 
the  radiorcsisiance  of  male  mice  (I  I).  „  X  S  Ciy)  compared  lo 
thal  of The  female  mice  (I  ...  7  4  Civ )  in  our  laboratory  (l.ed- 
ney.  unpublished  observation*.)  In  F-CTI  -s  studies  with  male 
mice,  wound  trauma  24  h  before  and  10  mm  .liter  4.0  4  5  Ciy 
icsultcd  in  significantly  more  colonics  than  that  found  in  irra¬ 
diated  control  mice  Thus,  while  male  mice  are  more  radio¬ 
resistant.  our  data  indicate  that  trauma-enhanced  survival  or 
modality  is  similar  in  both  sexes 

Secondly,  it  should  K  noted  that  all  wounds  can  be  potentially 
contaminated  with  bacteria  Howcvci.  wound  sepsis  indicated 
by  pus  formation  edema  *n  lymph  node  swelling  was  not  oh- 
scived  Since  irradiation  depletes  the  antimicrobial  defenses  of 
the  host,  it  is  possible  that  wounding  alter  exposure  to  tadiatton 
pi  ovules  a  portal  ot  enirv  into  the  immune  compromised  host 
I  he  decreased  sinvival  tractions  and  survival  limes  ol  mice 
wounded  I  -  d.tvs  ,i tier  irradiation  are  in  accord  with  this  idea 
However,  it  is  difficult  lo  ascribe  anv  benclicJ.il  or  delnmenl.il 
etlccl  to  wounds  made  (and  poientiallv  contaminated  with  hac 
tonal  piior  to  radiation  Perhaps  wounding  prior  lo  irradiation 
activate*  antibacterial  delenses  Histologic  examination  ot  the 
wound  site  indicated  granulocyte  and  macrophage  infiltration 
into  the  margins  ot  the  wound  A  '■c "  increase  in  peripheral 
blood  gM.inulocv te  numbers  was  observed  I  ?dav\atte’  tr.inm.i 
I  hese  cellulai  events  poientiallv  enhance  annbacteiMi  actmiv 
However,  the  .vnelicial  value  ol  such  cellular  i  espouses  would 
be  abrogated  bv  ihe  subsequent  radiation 

1  astlv  l he  mechanism  ol  actum  tor  the  increases  in  survival  or 
mortality  are  of  paramount  importance  I  hese  unhide  lire 
release  ot  bacterial  endotoxin  and  I  lie  elevation  ol  piosiaglandin 
ilUil  i  levels  In  the  combined  minted  animal,  these  mediators 
mav  be  operating  nnlepeiulenllv  or  coiKomiUnllv  I  ndotoxrns 
are  k  now  n  mod  it  ler  s  ot  survival  and  hematopoietic  responses  m 
irradiated  animals  Ihe  two  primaiv  sources  ol  endotoxin  are 
I  he  wound  site  anil  the  intestinal  tract  -  I  ndoioxm  given  prior 
to  irradiation  has  been  demonstrated  to  atlord  a  degree  o*  radio 
proic'ction  bur  higher  doses  given  alter  radiation  enhances 
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mortality1".  Prostaglandins  arc  known  modulators  of  hemato¬ 
poiesis'"  and  elevated  levels  are  seen  after  both  trauma1"  and 
radiation11*.  Thus,  increased  PGE:  levels  induced  by  trauma 
shortly  before  or  shortly  after  radiation  may  enhance  hemato¬ 
poiesis  and  therefore  survival,  while  increased  amounts  induced 
both  by  radiation  and  subsequent  late  trauma  may  result  in 
death  associated  with  sepsis We  are  currently  directing  our 
research  efforts  toward  delineating  the  role  of  these  biological 
modifiers  in  trauma-enhanced  survival  mortality  with  radiation 
exposure. 

1  Supported  by  the  Armed  Forces  Radiobiology  Research  Institute. 
I  Men  sc  Nuclear  Agency,  under  research  Work  Unit  00)29  Views 
presented  in  this  paper  are  those  of  the  authors;  no  endorsement  by 
the  Defense  Nuclear  Agency  has  been  given  or  should  be  inferred. 
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MICKLEY,  G.  A..  K.  E.  STEVENS  AND  J.  A.  GALBRAITH.  Qttalernarx  naltrexone  reverse*  morphine-induced 
behaviors.  PHYSIOL  BEHAV  35(2)249-253.  198V — This  study  explored  the  relative  role  of  the  peripheral  and  central 
nervous  systems  1CNS1  in  the  production  of  morphine-induced  behavioral  changes.  Toward  this  end  we  used  a  quaternary 
derivative  of  an  opiate  antagonist  (naltrexone  methobromide.  NM)  that  presumably  does  not  cross  the  blood-brain  barrier. 
Naltrexone  methobromide  (20.  40  and  SO  mg/kg.  IP)  was  used  to  challenge  the  stereotypic  locomotion,  analgesia  and 
elevated  "Straub"  (ail  response  observed  in  C57B1.  6J  mice  after  a  30-mg  kg  I  IPl  injection  of  morphine  I  he  quaternary 
derivative  of  naltrexone  reversed  the  locomotor  hyperactivity  "Straub''  tail  and  analgesia  normally  observed  in  the 
opiate-treated  C57BL6J  mouse.  The  data  reported  here,  if  taken  at  face  value,  suggest  an  important  role  for  peripheral 
opiate  receptors  in  morphine-induced  behavioral  changes.  However,  these  conclusions  are  contingent  on  further  research 
to  more  fully  evaluate  NM's  capacity  to  cross  the  blood-brain  barrier  of  the  C57BL  6J  mouse 

Morphine  Naltrexone  methobromide  Quaternary  naltrexone  Locomotion  Analgesia 
fail  erection  C'NS  Peripheral  nervous  system  Blood-brain  barrier 


THE  discovery  of  the  existence  of  central  opiate  receptors 
and  opioid  peptides  (for  review,  see  |22|)  has  led  inves¬ 
tigators  lo  suggest  several  specific  brain  areas  as  mediators 
ol  a  variety  of  opiate-induced  behavioral  alterations.  For 
example,  morphine  analgesia  |I7,29|.  catalepsy  |9.  II.  26. 
27|.  locomotor  changes  |7.  17.  23.  251.  and  elevated  straub 
tail  reactions  [I3|  are  all  apparently  produced,  at  least  in 
part,  by  brain  neurons.  The  role  of  peripheral  opiate  recep¬ 
tors  and  endorphins  in  the  production  of  these  and  other 
behaviors  has  been  addressed  only  recently.  Some  of  this 
work  has  been  accomplished  through  the  use  of  quaternary 
derivatives  of  opiate  antagonists,  which  presumably  do  not 
cross  the  blood-brain  barrier.  In  this  regard  it  has  been 
shown,  for  example,  that  methyl  naloxone  failed  to  alter 
morphine-induced  antinociception  unless  administered  in  the 
cerebral  ventricles  of  the  rat  1 10|.  Similarly .  quaternary  nal¬ 
trexone  did  not  block  the  stress-induced  analgesia  experi¬ 
enced  by  defeated  mice  |I5|.  Furthermore,  methyl  nal¬ 
trexone.  when  given  systemically .  did  not  antagonize  the 
discriminative  stimulus  effects  of  opiates:  however,  it  did 
work  peripherally  to  displace  |'H|  etorphine  from  opiate  re¬ 
ceptors  and  reversed  the  effects  of  morphine  on  the  isolated 
guinea-pig  ileum  1 24 1 .  Naltrexone  has  also  been  shown  to  be 
over  1500-fold  more  effective  than  quaternary  naltrexone  in 
reversing  morphine-induced  catalepsy  |6|. 

In  a  further  analysis,  the  present  investigation  sought  to 
clarify  the  extent  of  peripheral  opiate  involvement  in  the 
production  of  several  morphine-induced  behaviors.  Previous 
work  |3.  16.  2 3 1  suggests  that  morphine  (IPl  produces  a 
stereotypic  locomotor  activation  (continuous  movement, 
largely  in  one  direction  around  the  cage  perimeter),  analgesia 
and  elevated  "Straub  tail  in  the  C57BI.6J  mouse  In  the 


present  study,  we  challenged  these  behavioral  responses 
with  nallrexone  methobromide  (NM).  which  presumably  has 
a  primary  action  of  peripheral  opiate  antagonism  |2.  15,  24|. 

METHOD 

Subjects 

The  subjects  were  male  C57BL/6J  mice  ( l5-20g)obtained 
from  Jackson  Laboratories  ( Bar  Harbor.  ME).  Animals  were 
initially  housed  in  groups  not  exceeding  9  per  cage 
I47x26x  16  cm)  However,  subjects  involved  in  locomotor 
activity  testing  were  transferred  to  individual  cages 
(3l)x  19 x  13  cm)  al  least  24  hours  before  activity  testing  was 
begun.  Mice  were  maintained  on  a  12-hour  light-dark  cycle 
(lights  on  6:00  a  m.)  in  a  temperature-controlled  room 
(23  t  I'd.  Behavioral  observations  were  made  at  the  same 
lime  each  day  in  order  lo  avoid  circadian  variations.  Purina 
laboratory  chow  and  tap  water  were  available  ad  lib  except 
during  behavioral  measurements  and  drug  injections. 

Procedures 

Two  studies  were  conducted  to  assess  the  effect  of  a  pe¬ 
ripherally  acting  opiate  antagonist  on  opiate-induced  loco¬ 
motor  hyperactivity,  elevated  "Straub"  tail  and  analgesia  in 
the  C  57B1.6J  mouse.  The  terms  quaternary  naltrexone  and 
nalttexonc  methobromide  (NM l  are  used  interchangeably  In 
the  first  experiment.  60  mice  received  an  injection  (IPl  of 
morphine  sulfate  (30  mg  kgl.  and  60  control  animals  received 
IIP)  an  equal  volume  of  saline.  Five  minutes  after  these  in¬ 
jections.  locomotor  activity  was  recorded  during  two  suc¬ 
cessive  15-minute  periods  using  the  Automex  I)  system  ot 
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Columbus  Instruments  (Columbus.  OH).  Half  of  the  animals 
in  the  morphine  anti  saline  groups  then  received  an  injection 
of  NM  (20.  40  or  80  mgkg.  IP  in  0.90  saline:  N=  10/group). 
(These  doses  of  quaternary  naltrexone  were  chosen  because 
in  vitro  and  receptor-binding  studies  suggest  that  this  periph¬ 
erally  acting  opiate  antagonist  is  apparently  20-80  times  less 
potent  than  its  tertiary  counterpart  |24J.  A  1-mg/kg  dose  of 
naltrexone  reverses  mouse  stress-induced  analgesia  1 15].) 
The  remaining  subjects  were  injected  with  an  equal  volume 
of  saline.  After  a  .‘'-minute  wait,  locomotor  activity  was  re¬ 
corded  for  two  additional  15-minute  periods.  During  these 
final  activity  measurements,  observations  of  tail  position 
were  also  made.  Twenty  and  35  minutes  after  the  second 
injection,  two  independent  observers  categorized  the  tail 
positions  as  (a)  flaccid,  lb)  rigid  but  positioned  horizontally, 
(c)  rigid  and  elevated  5 "'-90'  off  the  horizontal  plane,  or  (d) 
rigid  and  elevated  greater  than  90'  off  the  horizontal  plane. 
Categories  3  and  4  are  "Straub"  tail  reactions  |3).  Observers 
were  blind  as  to  the  drugged  condition  of  each  subject. 

Analgesia  was  measured  in  a  second  experiment.  Sixty 
mice  received  an  injection  of  30  mg  kg  morphine  sulfate  (IP) 
and  60  control  subjects  received  an  equal  volume  of  saline, 
f  ifteen  minutes  after  these  initial  injections,  half  of  the 
animals  in  each  group  received  an  injection  of  NM  (20.  40  or 
80  mgkg.  IP:  N  10  group).  The  remaining  mice  received 
control  injections  of  saline  equal  in  volume  to  those  of 
quaternary  naltrexone.  Five  minutes  later,  analgesia  was 
tested  using  the  hot  plate  method  |1|.  Individual  subjects 
were  placed  on  a  hot  plate  maintained  at  50  *  I  C.  Two  inde¬ 
pendent  observers  noted  the  time  after  placement  w  hen  each 
mouse  licked  (a)  lorepawisl  and  (bi  hindpawts).  If  paw  licks 
did  not  readily  occur,  latency  measurements  were  termi¬ 
nated  after  120  seconds.  The  analgesic  reaction  of  each 
mouse  was  measured  onlv  once. 


High  doses  of  quaternary  naltrexone  (40  and  80  mgkg) 
reversed  the  locomotor  hyperactivity  and  "Straub  "  tail  re¬ 
actions  normally  observed  in  the  C57BL/6J  mouse  after  an 
injection  of  morphine.  Opiate  analgesia  was  antagonized 
after  a  lower  dose  (20  mg  kg)  of  NM. 

l  ocomotion  and  analgesia  data  were  analyzed  within  a 
one-way  ANOVA  design.  Separate  ANOVAs  compared  the 
four  treatment  groups  (Morphine  -  saline,  morphine  ~  NM. 
saline  *  saline,  and  saline  *■  NM)  at  each  antagonist  dose 
and  (in  the  case  of  locomotion)  time  period.  Significant 
differences  i/j-  0.00 1 )  were  further  described  through  the  use 
of  Newman-Keuls  post  hoc  tests  |28|. 

Morphine's  (30  mgkg)  locomotor-stimulating  and 
"Straub"  tail  effects  were  observed  within  the  first  5  min¬ 
utes;  they  reached  their  peak  within  the  first  30  minutes,  and 
lasted  approximately  2  hours.  Subjects  usually  walked 
around  the  perimeter  of  the  cage,  and  rarely  changed  direc¬ 
tion.  This  was  a  reliable  effect;  it  was  seen  in  each  replication 
and  in  each  time  period,  beginning  with  the  second  1 5-minute 
baseline  interval  (one-way  ANOVAs.  Fl36i  ranging  from 
15.3  to  216.24.  />•  0.001:  Newman-Keuls  post  hoc  tests. 
/>•  0.05). 

Baseline  locomotor  activity  was  similar  for  all  morphine- 
injected  subjects.  However,  after  a  challenging  injection  of 
either  40  or  80  mgkg  NM.  locomotion  decreased  signifi¬ 
cantly  as  compared  to  controls  /first  time  period: 
F(36)=  30.85.  p --.0.001.  and  Newman-Keuls.  />  0.05.  40 
mgkg:  F(36)  =  41. 66. />•  (). 001.  and  Newman-Keub . /)•  0.05. 
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FIG  I.  locomotor  activity  counts  after  an  initial  injection  of  either 
morphine  I  30  mg  kgl  or  saline  followed  by  a  challenging  injection  of 
either  naltrexone  melhobromide  (NM  I  (20.  40  or  80  mg  kgl  or  saline. 
Early  (5-20  minutes  after  challenge  injection)  and  late  (20-35  min¬ 
utes  after  challenge  injection)  activity  observations  are  shown 
Statistical  comparisons  indicate  results  of  one-way  ANOVAs  and 
Newman-Keuls  posi  hoc  comparisons.  />■  0.05:  ‘  different  from 
saline  •  saline  control  group:  ;  different  from  morphine  -  saline 
control  group  Variance  bars  represent  the  standard  errors  of  the 


80  mgkg:  worn!  time  period:  F(  361=  29.84.  p-  0.001 .  and 
Newman-Keuls.  /»■  0.05  .  40  mgkg:  F(36)=58.4  /><(). 001. 
and  Newman-Keuls.  p-  0.05.  80  mg  kg).  Mice  receiving  40 
mg  kg  of  NM  often  stopped  their  stereotypic  activity  :  they 
groomed  and  exhibited  slowed  locomotion,  rearing  and  sniff¬ 
ing.  Subjects  receiving  80  mgkg  NM  showed  these  same 
changes  although,  for  some  periods  of  time,  they  were  im¬ 
mobile.  This  high  dose  of  NM  reduced  the  morphine-induced 
locomotion  to  such  an  extent  that,  quantitatively,  it  could 
not  be  distinguished  statistically  from  the  spontaneous 
locomotion  of  saline  control  subjects  (see  Fig.  1 1.  The  lowest 
dose  of  NM  used  in  this  study  did  not  reverse  morphine 
hyperactivity.  In  fact,  a  significant  increase  was  seen  in 
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TABLE  I 

PERCENT  OF  MORPHINE-TREATED  (30  mg/kg)  MICE  EXHIBITING  VARIOUS  TAIL  POSITIONS  FOLLOWING  SALINE  OR  NALTREXONE 

METHOBROMIDE  (NM)  CHALLENGE* 

First  Observation*  Second  Observation* 


Elevated  Elevated 


Drug  Treatment/ 

Doses 

N 

Flaccid 

Rigid  and 
Horizontal 

Elevated 

5°  to  90° 

greater 
than  90c 

Flaccid 

Rigid  and 
Horizontal 

Elevated 

5°  to  90c 

greater 
than  90c 

Morphine-saline 

10 

0 

0 

30 

70 

0 

0 

30 

70 

Morphine-NrV  (20  mg'kg) 

10 

0 

0 

90 

10 

0 

10 

80 

10 

Morphine-saline 

to 

0 

0 

10 

90 

0 

0 

10 

90 

Morphine-NM  (40  mg/kg) 

10 

0 

60 

30 

10 

30 

50 

10 

10 

Morphine-saiine 

10 

0 

0 

10 

90 

0 

0 

0 

100 

Morphine-NM  (HO  mg  kg) 

10 

60 

20 

to 

10 

50 

30 

20 

0 

*  All  subjects  that  received  first  injections  of  saline  lie.,  saline-saline  or  saline-NM)  are  omitted  from  this  table  since  all  had  tail  positions 
rated  as  flaccid. 

*Two  tail  observations  were  made  for  each  mouse:  First  =  20  minutes  after  challenge  and  Second  35  minutes  after  challenge. 


opiate-stimulated  locomotion  in  both  ihe  lime  periods  re¬ 
corded  after  20  mg/kg  NM  treatment  (first  lime  period. 
F(26)  =  112.42. p-  0.001.  and  Newman-Keuls. p<  0.05;  second 
time  period:  F(26>=  2 16.24;  p-  0.001.  and  Newman-Keuls. 
P--0.05). 

Quaternary  naltrexone  alone  apparently  does  not  produce 
hypoactivity  since  post-hoc  comparisons  of  locomotor  ac¬ 
tivity  counts  between  the  saline-injected  subjects  and  those 
receiving  naltrexone  methobromide  revealed  no  statistically 
significant  difference  between  these  groups  (Newman- 
Keuls.  p '  0.005).  This  lack  of  statistical  difference  is  appar¬ 
ently  not  due  to  total  inactivity  of  the  saline-injected  animals. 
Although  habituation  to  the  testing  environment  did  take 
place,  the  saline-injected  animals  were  still  sufficiently 
active  in  the  0.5-hour  test  period  (average  counts  for  all 
saline  control  groups  =  228l  to  discern  an  even  lower  level  of 
locomotor  activity  had  it  occurred  in  the  naltrexone-treated 
mice. 

All  morphine-injected  mice  exhibited  elevated  “Straub'' 
tails  that  were  lowered  significantly  after  treatment  with  40 
or  80  mg/kg  NM  (see  Table  1).  Tail  positions  were  observed 
and  categorized  as  previously  described.  However,  for  the 
purpose  of  data  analysis,  observations  of  tail  positions  were 
grouped  as  non-"Straub"  tail  reactions  (either  "flaccid  "  or 
“rigid  and  horizontal")  or  “Straub ”  tail  reactions  (elevated 
from  5'  to  -90°  off  the  horizontal  planet.  Fisher  exact 
probability  tests  were  computed  for  each  of  the  two  obser¬ 
vation  times  and  doses  of  NM  |2||.  Morphine-induced 
“Straub  '  tail  reactions  were  significantly  antagonized  after 
challenges  of  either  40  or  80  mg  kg  of  NM  (all  p-  0.01 ).  Some 
of  the  most  dramatic  reactions  lo  (he  opiate  antagonist  were 
observed  after  80  mg  kg.  The  majority  of  these  morphine- 
injected  subjects  went  from  exhibiting  (ail  positions  thal 
were  almost  parallel  to  the  vertebral  column  to  complelely 
flaccid  tails  within  20  minutes.  Although  20  mg/kg  produced 
a  slight  lowering  of  the  (ails  (see  Table  I).  This  was  nol  a 
statistically  significant  change  within  the  present  scheme  of 
data  analysis.  All  subjects  that  received  first  injections  of 
control  saline  (i.c.,  either  saline  and  then  NM  or  saline  and 
then  saline  had  tail  positions  rated  as  “flaccid." 


As  expected,  morphine-injected  subjects  were  more  anal¬ 
gesic  than  were  the  saline-injected  controls.  This  analgesia 
has  been  shown  lo  peak  within  0.5  hour  and  to  last  at  least  2 
hours  (20j.  This  response  was  observed  on  both  the  forepaw 
measure  (20  mg/kg  NM  replication:  F(36)=  1 1.07.  p<0.00l ; 
40  mg/kg  NM  replication:  F<36)=  19.58,  p<0.001.  all 
Newman-Keuls  p<0.05>  and  the  hind  paw  measure  (20 
mgkgNM  replication:  F<26)=  48.22.  p<0.00l ;  40  mg/kg  NM 
replication:  F(26)=  39.29.  p<0.001:  80  mg/kg  NM  replica¬ 
tion:  F(36)  =  9.l7.p<0.00l.  and  all  Newman-Keuls. p<0. 05). 
See  Fig.  2.  This  morphine  analgesia  could  be  reversed  by  an 
injection  of  either  20  or  40  mg/kg  of  NM  (Newman-Keuls. 
p<0.05).  However,  when  80  mg/kg  NM  was  given,  mice 
often  developed  tremors,  limb  stiffness  and  lethargic  move¬ 
ments.  which  may  have  inhibited  their  paw  licking. 

DISCUSSION 

Naltrexone  methobromide  effectively  challenged 
morphine-induced  locomotor  hyperactivity,  analgesia,  and 
“Straub"  tail  erection  in  the  C57BI./6J  mouse.  Previous 
sludies  have  indicated  that  this  quaternary  opiate  antagonist 
docs  not  readily  penetrate  the  blood-brain  barrier  |2.  10.  15. 
24|.  Taken  in  this  context,  the  present  data  suggest  that  pe¬ 
ripheral  opiate  receptors  may  mediate,  at  least  in  part,  these 
morphine-induced  behaviors.  It  has  been  well  documented 
thal  seemingly  central  nervous  system  effects  may  some- 
limes  be  mediated  by  peripheral  mechanisms  (for  review  see 
1 14]).  These  data  do  not.  however,  deny  the  already - 
demonstraled  role  of  central  neuronal  mechanisms  in  the 
production  of  morphine-induced  locomotion  |7.  17.  22.  25 1 . 
analgesia  1 17,29]  and  tail  erection  [121. 

One  of  the  doses  of  NM  1 20  mg/kg)  used  here  did  not 
reverse  morphine-induced  locomotion,  but  instead  enhanced 
the  stimulating  effect  of  the  opiate.  This  is  unusual  but  is 
consistent  with  some  other  reports  suggesting  that  some 
opiate  antagonists  li  e.,  naloxone)  can  display  opiate  agonist 
activity  in  a  number  of  behavioral  and  in  vitro  test  sy  stems 
(for  review,  see  1 19|). 

In  the  present  study,  specific  opiate-induced  behaviors 
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H(i  2.  Moan  latency  k>  lick  (orcpavv x  and  hind  paws  lolloping  an 
initial  injection  of  morphine  i  VI  mg  kgi  or  saline  and  (hen  a  challeng¬ 
ing  dose  of  either  naltrexone  methohromide  1 20.  4(1  or  XO  mg  kgi  or 
saline.  Statistical  comparisons  indicate  results  of  one  wav  ANOVAx 
.ind  Newman  keuls  post  hoc  comparisons,  />  0.05:  different 

from  saline  •  saline  control  group;  different  from  morphine  - 
saline  control  group.  Variance  bars  represent  the  standard  errors  of 
the  means. 


were  antagonized  by  different  doses  of  NM.  Morphine  s  an¬ 
algesic  effects  were  significantly  attenuated  by  20  mg  kg  of 
NM  whereas  opiate-induced  locomotion  and  "Straub"  tail 
were  essentially  unchanged  tit  this  dose.  These  data  support 
previous  studies  that  highlighted  the  fact  that  the  motor  and 
analgesic  effects  observed  in  morphine-treated  mice  are 
clearly  dissociated  neurophy  siologically  and  biochemically 
I  lh|.  Similarly,  the  same  dose  of  NM  has  been  observed  to 
reverse  catalepsy  |h|  but  not  analgesia  |1H|  of  the  rat. 

Although  morphine  analgesia  was  effectively  challenged 
by  20  and  40  mg  kg  of  NM  this  antagonism  was  not  demon 
strated  aftet  Ml  mg  kg  of  the  quaternary  compound  I  hesc 


high-dosed  animals  exhibited  tremors  and  rigidity  which  may 
have  interfered  with  their  capacity  to  lick  their  paws.  Most 
of  these  subjects  showed  signs  of  pain  sensation  (e.g..  jump- 
ing  off  the  hot  plate),  but  their  failure  to  perform  paw  licks 
made  them  statistically  indistinguishable  from  control 
morphine-injected  mice  (see  Fig.  2).  It  may  be  the  case  that 
morphine-mediated  antinociceplion  was  attenuated  by 
quaternary  naltrexone  but  the  mice  injected  with  80  mg/kg 
NM  were  physically  incapable  of  demonstrating  this  effect 
on  the  hot  plate  test. 

The  interpretation  that  peripheral  opiate  receptors  may 
partially  mediate  morphine-induced  locomotion,  analgesia 
and  "Straub"  tail  erection  should  not  be  made  without  some 
comment  regarding  the  likelihood  that  quaternary  naltrexone 
crossed  the  blood-brain  barrier.  The  majority  of  the  litera¬ 
ture  supports  a  primary  peripheral  action  of  NM.  Still. 
Brown  and  colleagues  |6|  have  suggested  that  quaternary 
naltrexone  may  be  gradually  leaking  into  the  brain  of  rats 
after  approximately  90  minutes.  However,  this  explanation 
may  not  address  naltrexone  methobromide’s  apparent  ca¬ 
pacity  to  rapidly  (within  5-35  minutes)  reverse  the 
morphine-induced  locomotion,  analgesia,  and  tail  erection 
reported  in  the  present  study.  In  addition  we  found  that  early 
(within  15  minutes)  reversal  of  morphine-induced  locomo¬ 
tion  by  the  antagonist  is  similar  to  that  observed  later  (15-30 
minutes  postinjection).  This  suggests  that  leakage,  if  it  oc¬ 
curred.  must  be  quite  fast.  Finally .  if  the  behavioral  reversals 
reported  here  were  caused  by  leakage  of  naltrexone  metho- 
bromide  into  the  central  nervous  system,  then  one  might  ex¬ 
pect  to  see  a  gradual  onset  of  antagonism,  which  would  begin 
at  the  receptors  located  nearest  the  weak  points  of  the 
blood-brain  barrier  1 14|.  The  morphine-induced  locomotion, 
analgesia,  and  tail  erection  responses  measured  in  the  pres¬ 
ent  study  are  apparently  mediated,  at  least  partially  ,  by  quite 
different  brain  areas  1 5. 1 3) .  However,  quaternary  naltrexone 
reversed  all  of  these  behaviors  within  the  same  time  period. 
These  data  are  in  consonance  with  those  of  others  that 
suggest  that  the  failure  of  naltrexone  methohromide  to  an¬ 
tagonize  heroin  self-administration  was  consistent  over  a 
3-hour  period  |I2|.  Thus,  leakage  of  quaternary  naltrexone 
into  the  C'NS  over  time  may  not  be  the  most  likely  explana¬ 
tion  for  the  results  presented  here. 

Another  potential  explanation  of  the  present  data  is  that 
quaternary  naltrexone  may  metabolize  into  naltrexone  |f>]  or 
some  other  opiate  antagonist,  and  that  it  is  this  compound 
(which  crosses  the  blood-brain  barrier  more  readily)  that 
antagonizes  morphine’s  effects.  Future  studies  are  planned 
in  an  attempt  to  resolve  these  issues. 

It  should  be  recognized  that  the  effects  reported  here  may 
also  be  species  dependent.  Others  have  suggested  that  the 
blood-brain  barrier  may  have  different  permeability  charac¬ 
teristics  in  different  mammals  [ 4] .  Some  evidence  suggests, 
for  example,  that  quaternary  naltrexone,  at  comparable 
doses,  fails  to  produce  centrally  mediated  symptoms  of  nar¬ 
cotic  withdrawal  in  dogs  or  monkeys  |IX]  but  may  |18]  or 
may  not  (I5|  reverse  mouse  analgesia.  The  permeability  of 
the  mouse  blood-brain  barrier  has  yet  to  be  fully  described. 

The  present  data  may  be  interpreted  as  suggesting  either 
(a)  a  role  for  peripheral  opiate  receptors  in  the  production  of 
morphine-induced  locomotion,  analgesia  and  "Straub"  tail 
reactions,  or  (hi  a  C'NS  locus  of  action  of  naltrexone  metho- 
bromidc  or  its  lipophilic  metabolites.  Future  studies  that 
measure  the  regional  distribution  of  quaternary  naltrexone 
and  its  breakdown  products  throughout  the  body  should 
clarify  these  issues. 
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INTRODUCTION 

In  recent  years,  the  number  of  studies  of  electronic  processes  in  organic 
solids  has  assumed  explosive  proportions.  In  retrospect,  it  was  inevitable. 
The  increasing  ability  of  organic  chemists  to  design  and  synthesize 
molecules  and  structures  almost  to  order  has  made  it  possible  to  provide  an 
experimental  testing  ground  for  what  were  once  figments  of  the  imagi¬ 
nations  of  theorists.  Thus  excellent  approximations  of  ideal  one-  and  two- 
dimensional  solids  can  be  prepared  with  electrical  properties  varying  from 
those  of  an  insulator,  to  those  of  a  superconductor.  Disordered  systems  can 
be  prepared  with  a  large  range  of  nearest-neighbor  interaction  energies, 
with  and  without  additional  trapping  sites,  making  it  possible  to  test  almost 
any  conceivable  theory  of  energy  or  charge  migration  in  a  random  or 
regular  network.  Increasingly  sophisticated  computer  simulations  are 
providing  unusual  insights  into  the  microscopic  details  of  dynamical 
processes,  such  as  carrier  or  energy  transport.  These  serve  as  a  check  on 
analytical  theories  and  even  a  guide  to  indicate  which  assumptions  are 
likely  to  be  reasonable.  The  simulations  can  probe  situations  that  are  as  yet 
not  readily  accessible  to  experiment,  such  as  time  domains  in  the 
femtosecond  range.  All  of  this  new  interest  has  been  superimposed  on  what 
has  been  an  orderly  growth  in  a  relatively  isolated  field,  the  study  of  the 
electrical  and  optical  properties  of  polycyclic  aromatic  hydrocarbons 
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exemplified  in  anthracene.  In  the  middle  of  1982,  our  book  appeared  ( 1 )  in 
which  most  of  the  material  to  be  presented  herein  approximately  40  pages 
was  discussed  in  821  pages  and,  at  that,  with  apologies  for  significant 
omissions.  It  is  thus  obvious  that  this  review  represents  an  even  more 
drastic  condensation  and  omission  of  important  work. 

Books  and  reviews  that  have  appeared  since  the  beginning  of  1982 
include  that  edited  by  Mort  &  Pfister  (2)  dealing  with  triboelectricity, 
charge  storage,  piezoelectricity,  pyroelectricity,  energy  transfer,  photo¬ 
conductivity,  and  polyacetylene.  Organic  semiconductors  are  discussed  by 
Haddon  et  al  (3).  A  wide  ranging  conference  on  the  organic  solid  state  was 
held  in  1982  covering  such  topics  as  solid  state  photorearrangement, 
chemistry,  semiconductivity,  superconductivity,  the  polyacetylenes,  elec¬ 
tronic  structure,  and  many  others  (4).  Several  lucid  review  articles  have  been 
written  by  Duke  and  his  colleagues.  These  discuss  conductivity  (5), 
electronic  structure  (6,  7),  and  electronic  excitation  (8).  The  preparation  of 
good  crystals  of  pure  materials  is  fundamental  to  the  development  of 
meaningful  theory.  Two  books  dealing  with  this  subject  are  the  recent  work 
of  Sloan  &  McGhie  (9)  and  the  earlier  work  of  Karl  (10). 

Mention  must  be  made  of  the  remarkable  results  that  are  being  observed 
by  the  combination  of  tunable  lasers  and  supersonic  molecular  beams  of 
isolated  molecules  in  the  study  of  intramolecular  dynamics  such  as 
collision-free  vibrational  energy  decay.  A  review  of  this  important  field  is 
given  by  Smalley  (11).  The  study  of  condensed  phase  molecular  dynamics, 
including  transport  and  trapping,  has  been  reviewed  by  Fayer  (12).  The 
effect  of  pressure  on  molecular  luminescence  in  solution  is  reviewed  by 
Drickamer  (13),  and  a  critique  of  high  pressure  studies  of  molecular  crystal 
spectra  has  been  given  by  Berry  et  al  ( 14).  A  review  of  luminescence  in 
nucleic  acids  has  been  prepared  by  Callis  (15).  Additional  references  to 
reviews  and  books  are  made  in  the  text. 

In  the  course  of  this  review  we  attempt  to  provide  references  to  subjects 
that  cannot  be  adequately  covered  due  to  severe  space  limitations.  In 
addition,  we  make  many  references  to  our  recent  book  (1). 

EXCITON  PROCESSES 

Exciton  Transport 

Discussion  is  limited  to  exciton  diffusion,  percolation,  and  exciton  annihi¬ 
lation  ;  the  reader  may  refer  to  recent  reviews  or  papers  for  discussions  of 
the  effeet  of  electric  fields  on  exciton  transport  (15a,b)  polaritons  (16-18). 
exciton-phonon  interaction  (18,  19),  and  exciton  luminescence  (19,  20, 
20a,b).  In  ordered  molecular  crystals,  exciton  transport  is  generally 
characterized  by  a  diffusion  constant.  D  (1,  p.  102  et  seq).  Sensitized 
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luminescence  (21)  produced  by  exciton  diffusion  to  a  suitable  trap  and 
delayed  fluorescence  resulting  from  exciton-exciton  annihilation  (1, 
pp.  135-47)  have  been  used  to  determine  D.  In  the  usual  interpretation,  the 
exciton  diffusion  constant  (D)  is  related  to  y,  the  annihilation  rate  constant, 
and  K,  the  exciton  transfer  rate,  by  the  relationships  y  =  vy'  =  8; zRdD  and 
K  =  pvfC  =  4nRcD,  where  v  is  the  volume  per  molecule  of  the  crystal,  p  the 
relative  guest  concentration,  and  Rd  and  Rc  are  the  effective  radii  for 
annihilation  by  another  exciton  and  capture  by  a  trap,  respectively.  Kenkre 
&  Schmid  (22)  have  shown  that  the  use  of  the  above  relationships,  which  are 
derived  from  coagulation  analysis,  would  yield  the  same  values  for  the 
diffusion  constant  only  under  special  conditions ;  values  of  D  inferred  from 
either  y  or  K  could  therefore  be  incorrect.  A  proper  theoretical  analysis  of 
the  experimental  data  can  be  obtained  by  noting  that  for  trapping  at  a  guest 
or  defect  site,  the  trapping  time  is  the  sum  of  the  time  to  get  to  a  trap,  1  /M , 
plus  the  time,  1/c,  needed  for  the  (local)  capture  process  to  occur;  M  is  the 
motion  rate  defined  as  (22) 


M  = 


expi-t/xWoit)  dt 


1. 


where  ^(r)  is  the  exciton  self-propagator,  and  r  the  exciton  lifetime.  For 
exciton  annihilation  a  similar  sum  relationship  holds,  except  that  the 
mutual  annihilation  time,  l/b,  replaces  the  local  capture  time  1/c.  In  terms 
of  rates  (•/  and  K')  the  following  general  relationships  have  been  shown  to 
be  valid  (22): 


(•/)-*  =  Ml+b\(K’)'  =  M-'+c'.  2. 

It  is  only  in  temperature  regimes  where  either  y'  or  K'  is  dominant  that 
information  about  the  magnitude  of  D  can  be  inferred.  These  formulae 
were  applied  by  Kenkre  &  Schmid  (22)  to  naphthalene  and  anthracene, 
where  both  y'  and  K  are  known  over  a  broad  temperature  range.  For  the 
special  case  of  incoherent  three-dimensional  motion,  where  M  =  4 F,  F 
being  the  nearest  neighbor  transfer  rate,  a  lower  bound  on  the  singlet 
exciton  diffusion  constant,  D  —  Fa2/ 6  can  be  inferred,  where  a  is  the 
nearest  neighbor  distance.  In  the  particular  case  of  the  naphthalene  singlet 
exciton,  at  T  =  300  K,  D  >  2.1  x  10"s  cm2  s'1,  while  for  anthracene 
D  >  4.3  x  10" 3  cm2  s  l.  A  similar  type  of  analysis  is  possible  for  triplet 
excitons  provided  there  are  temperature  domains  where  either  >  K'  or 
K'  >  y  ;  under  these  conditions,  it  may  be  inferred  from  Eq.  2  that  D  >  K' 
or  D  >  y’. 

An  important  technique  for  measuring  D.  particularly  for  triplet  excitons, 
involves  the  use  of  Ronchi  rulings  (23;  1,  p.  1 73).  It  lends  itself  easily  to  the 
study  of  the  anisotropy  of  D,  and  may  be  used  to  test  for  coherence  in 
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exciton  motion.  Kenkre  et  al  (24)  have  adopted  the  generalized  master 
equation  (GME)  approach  to  derive  expressions  for  steady  state  delayed 
fluorescence  as  a  function  of  Ronchi  ruling  period  that  hold  for  any  degree 
of  coherence.  The  GME  approach  has  also  been  adapted  for  use  in 
sensitized  luminescence  studies  (25). 

Energy  transport  in  mixed  molecular  crystals  has  attracted  considerable 
attention,  in  part  because  these  crystals,  with  their  random  distribution  of 
components,  provide  useful  models  for  testing  theoretical  concepts  of 
disordered  solids.  The  most  extensively  studied  system  has  been  the 
naphthalene-(guest)-perdeuteronaphthalene  (host)  mixed  crystal  doped 
with  a  third  component,  /i-methylnaphthalene  (BMN).  present  in  concen¬ 
trations  generally  less  than  10" 3  mol  fraction  (26).  The  third  component 
has  fluorescing  levels  sufficiently  low  to  serve  as  a  sensor  or  supertrap  for 
excitons  migrating  among  guest  molecules.  The  experimental  parameters 
are  the  time  dependence  and  integrated  intensities  of  the  luminescence  from 
both  guests  and  supertraps,  as  a  function  of  guest  concentration. 
Measurements  are  performed  at  low  temperatures  ( ~  4‘  K.)  so  that  the  host 
sites  act  as  barriers  (antitraps)  to  energy  transport  among  the  guest 
molecules.  For  both  triplet  and  singlet  exciton  transport  in  C,0H8/ 
Cl0D8  BMN  the  sensor  emission  depends  in  an  almost  step-function 
fashion  upon  guest  concentration,  (Cg),  increasing  rapidly  over  a  narrow 
(critical)  range  (27;  1,  pp.  125-34). 

Several  theoretical  models  have  been  suggested  to  account  for  these 
results,  each  of  which  has  some  validity.  In  the  percolation  model,  the  sharp 
transition  is  attributed  to  the  formation  of  a  minimal  macroscopic 
connecting  network  of  guest  sites  at  the  critcal  guest  concentration.  Cc. 
Percolation  analysis  requires  extensive  computer  simulations.  Analytical 
solutions  have  been  proposed  by  Blumen  &  Silbey  (29)  and  by  Loring  & 
Fayer  (30).  Blumen  &  Silbey  use  a  continuum  kinetic  equation  formalism, 
and  Loring  and  Fayer  use  a  Green's  function  approach  to  solve  the  mixed- 
crystal  kinetic  master  equation. 

Several  percolation  models  have  been  considered  (26.  31,  32).  Static 
percolation  assumes  that  there  is  a  cutoff  on  the  allowable  transfer  distance 
and  neglects  dynamics  within  clusters;  thus  for  any  cluster  containing  a 
supertrap,  the  probability  is  unity  for  capturing  a  guest  exciton  that  lands 
anywhere  in  the  cluster.  The  latter  approximation  is  called  the  supertransjer 
limit  (26).  If  the  supertransfer  condition  is  relaxed  so  that  not  all  excitons 
within  a  cluster  containing  a  sensor  are  trapped  because  of  limitations 
imposed  by  the  finite  lifetime  of  the  exciton  and  its  finite  rate  of  transfer, 
then  quasistatic  percolation  ensues.  For  singlet  excitons.  Gentry  & 
Kopelman  (31.  33)  have  shown  that  the  quasistatic  percolation  model 
agrees  with  experiment  at  1.8  K.  but  fails  to  account  for  data  acquired  at 
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4.2  K.  On  the  Other  hand,  the  two-dimensional  continuum  models  of  both 
Loring  &  Fayer  (30)  and  Blumen  &  Silbey  (29)  are  consistent  with  the 
experimental  results  at  4.2  K  but  not  at  1.8  K.  In  the  Loring  &  Fayer  ap¬ 
proximation  (30)  the  trapping  probability  is  given  by  P  -  1  —  KiG{0,e  = 
where  K~  1  is  the  guest  lifetime,  and  <3  is  the  Laplace  transform  of  the 
time-dependent  part  of  the  system  Green’s  function  for  the  probability  of 
finding  excitons  somewhere  within  the  guest  manifold.  This  relationship 
can  account  for  the  T  =  4.2  K  data  only  if  the  Forster  distance  (1,  p.  100) 
R0  =  8  A  and  the  transfer  rate,  W,  has  an  octupole-octupoie  distance 
dependence,  i.e.  W  x  R ,4.  A  weakness  of  the  model  is  that  these  parameters 
imply  a  transfer  rate  of  5  x  109  s'1,  whereas  expected  nearest  neighbor 
rates  are  the  order  of  1012  sec1.  The  lack  of  agreement  with  the  1.8  K  data 
has  been  discussed  by  Gentry  &  Kopelman  (33)  and  is  attributed  to  the 
implicit  assumption  in  the  Loring  &  Fayer  model  of  the  equality  of  the 
forward  and  reverse  transfer  rates,  ;  this  equality  is  known  not  to 

hold  for  naphthalene  singlet  excitons  at  low  temperatures  (34). 

The  Blumen  &  Silbey  model  (29)  calculates  the  average  probability  for  an 
exciton  to  land  on  a  supertrap  site  and  the  average  trapping  time.  Their 
results,  in  the  absence  of  back  transfer  from  the  supertrap,  are 

Kc\ 1  x  UCJCJC?*}  3. 

P  x  {l  +Cl  2/Cg} ' 1  4. 

where  the  energy  transfer  rate  constant  is  Kel,  the  sensor  concentration  is 
C,,  the  guest  concentration  is  Cg  and  C,  ,2  is  that  concentration  at  which 
P  =  0.5 ;  n  is  the  multipole  transfer  exponent  (n  =  14  for  octupole-octupoie 
transfer)  and  d  is  the  dimensionality  of  the  system.  Equation  4  provides 
an  excellent  fit  to  the  4.2  K  data;  however,  it  does  not  account  for 
the  sharpening  of  the  critical  transition  upon  lowering  the  temperature. 
F urthermore,  recent  time-dependent  emission  data  of  Parson  &  Kopelman 
(32)  performed  on  the  same  mixed  crystal  system  at  1.7  K  demonstrate  that 
the  sensor  emission  profile  is  more  rapid  than  expected  from  rate  equation 
analysis  (29)  for  guest  concentrations  near  the  transition  regime  (guest 
concentrations  between  0.42  to  0.57  mol  fraction). 

The  temperature  and  guest  dependence  of  luminescence  from  the  mixed 
crystal  system  C10H8/Cl0Dg/BMN  has  also  been  studied  by  Brown  et  al 
(35),  who  found  evidence  for  a  transition  from  coherent  triplet  exciton 
motion  at  very  low  temperatures  to  hopping  motion  for  T  >  10  K. 
Transitions  from  band-like  to  hopping  motion  of  triplet  excitons  have  also 
been  studied  by  Gentry  &  Kopelman  (36). 

In  addition  to  protonated  and  deuterated  isotopicaify  mixed  crystals, 
orientationally  disordered  solids  (37,  38)  are  excellent  model  systems  for 
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studying  the  static  and  dynamic  properties  of  electronic  excitations  in 
disordered  solids.  In  these  systems  local  disorder  is  provided  by  the  random 
distribution  of  orientations  of  the  substituent  groups,  e  g.  the  chloride  and 
bromide  ligands  of  l-bromo-4  chloronaphthalene  (BCN)  crystals. 
Orientational  static  disorder  was  studied  by  Morgan  &  El-Sayed  (39),  who 
measured  the  zero  phonon  Si  -»  T\  transition  at  ss4.2  K  in  BCN  single 
crystals.  The  absorption  line  shape  was  Gaussian,  which  is  characteristic  of 
inhomogeneous  broadening;  the  line  width  (HMHW)  was  ~32  cm1, 
which  is  approximately  two  orders  of  magnitude  larger  than  the  linewidths 
of  the  corresponding  transition  in  single  crystals  of  1,4-dibromonaph- 
thalene  and  1,4-dichloronaphthalene.  In  addition,  Morgan  &  El-Sayed  (39) 
have  shown  how  the  temporal  behavior  of  the  phosphorescence  emission  at 
different  laser  excitation  energies  in  the  long  wavelength  region  of  the 
absorption  band  provides  a  measure  of  both  the  energy  transfer  rate  and  its 
mechanism. 

Exciton  Interactions 

Excitons  can  interact  with  other  excitons,  and  with  carriers,  defects, 
photons,  phonons,  and  essentially  any  other  entity  that  can  be  reached  by  a 
mobile  electronically  excited  state  (1,  pp.  89-180).  Exciton-exciton  annihi¬ 
lation  in  neat  molecular  solids  is  characterized  by  an  annihilation  rate 
constant  y.  The  limitation  of  the  assumption  that  the  depletion  of  excitons 
( n )  due  to  bimolecuiar  annihilation  is  given  simply  by  — yn 2  has  been 
reviewed  by  Kenkre  (25).  The  role  of  boundaries  and  domain  (or  cluster) 
size  on  exciton  kinetic  rates  is  of  considerable  current  interest  [see  Hatlee  & 
Kozak  (40)  and  references  quoted];  confinement  to  small  domains  is 
expected  to  enhance  the  number  of  collisions  with  other  excitons,  defects,  or 
traps.  In  the  particular  case  of  tetracene  triplet  excitons  created  in  pairs  in 
small  tetracene  domains  by  singlet  exciton  fission,  confinement  results  in  an 
increase  in  the  fluorescence  yield  and  singlet  exciton  lifetime  as  the  domain 
size  decreases  (41). 

Mixed  crystals  are  good  model  systems  for  the  study  of  size  effects  on 
exciton  reactions.  Recently  Klymko  &  Kopelman  (42)  have  shown  that 
when  guest  cluster  formation  occurs,  the  delayed  fluorescence  ( D )  resulting 
from  guest-guest  exciton  annihilation  is  no  longer  proportional  to  the 
square  of  the  guest  phosphorescence  (P),  even  at  low  triplet  exciton 
concentrations.  Using  mixed  CloHg/Cl0Dg  crystals  with  dopant  levels  of 
0.1°o  to  20°o  C10Hg  they  found  D  x  Px ,  where  x  is  a  function  of  excitation 
intensity,  time  after  excitation,  and  guest  concentration.  Val ues  of  x  ranged 
from  2  to  -  30  at  T  =  1.7  K  and  increased  monotonically  with  decreasing 
naphthalene  concentration.  As  noted  by  the  authors,  these  results  are 
inexplicable  in  terms  of  standard  diffusion  kinetics  (43).  Klymko  & 
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Kopelman  (44)  interpret  their  data  in  terms  of  fractal  kinetics,  which  is 
appropriate  for  bimolecular  processes  in  small  domains.  A  discussion  of 
fractal  properties  is  beyond  the  scope  of  this  review;  see  Alexander  & 
Orbach  (45)  and  DeGennes  (46)  for  more  information. 

Excitons  interact  with  carriers  (1,  pp.  164  et  seq),  and  in  the  process  of 
interacting,  it  may  happen  that  a  transient  intermediate  state  is  produced 
between  the  exciton  and  its  collision  partner.  More  recently  the  bound 
exciton  +  hole  (excitonic  ion)  case  was  treated  by  Schilling  &  Mattis  (47, 
48),  who  call  the  ion  a  trion  as  initially  suggested  by  Thomas  &  Rice  (49). 
Here,  the  exciton  could  be  either  the  Frenkel  exciton  or  the  Wannier 
exciton.  The  case  of  N  excitons  and  one  hole  was  solved  by  the  same 
authors  (48).  Excitonic  ions  with  Frenkel  exciton  parentage  were  discussed 
by  Singh  (50,  51)  and  ions  based  on  excitons  intermediate  between  Frenkel 
and  Wannier  excitons  were  treated  by  Gumbs  &  Mavroyannis  (52). 
Experimental  evidence  for  the  existence  of  excitonic  ions  in  benzene  solid 
films  is  given  by  Sanche  et  al  (53).  Excitons  interacting  with  trapped 
electrons  was  discussed  by  Agranovich  &  Zakhidov  (54),  who  deduced  an 
attractive  interaction,  which  is  the  order  of  e2Aot/2Er,  where  Aa  is  the  change 
in  the  molecular  polarizability  of  the  excited  molecule,  ~  10“  23  cm3,  r  is  the 
separation  of  the  charge  e  from  the  exciton,  and  e  is  the  local  dielectric 
constant. 

One  intriguing  possibility  that  has  not  yet  been  ruled  out  theoretically  is 
that  of  a  Bose-Einstein  condensation  of  Frenkel  excitons  in  organic 
crystals,  particularly  triplet  excitons  ( 55) ;  attempts  are  being  made  to  detect 
this  phenomenon,  or  at  least  the  formation  of  exciton  aggregates.  A  review 
of  these  experiments,  particularly  in  the  Soviet  Union,  is  given  by 
Brikenshtein  et  al  (56). 

Exciton  Trapping 

Trapping  of  excitons  at  either  impurity  or  guest  sites  has  been  a  subject  of 
considerable  study  because  of  the  insight  gained  on  the  mechanism  of 
exciton  diffusion  (21,  25).  Studies  by  Powell  and  co-workers  (21)  had 
suggested  that  the  exciton  transfer  rate  K  was  time-dependent,  in  signifi¬ 
cant  departure  from  earlier  results  obtained  in  sensitized  luminescence 
experiments  (57).  A  careful  study  of  the  time-dependence  of  K  has  recently 
been  made  by  in  tetracene-doped  anthracene  by  Braun  et  al  (58).  They 
demonstrated  that  for  temperatures  between  1.6  and  300  K  and  over  a 
dopant  concentration  range  of  10“6  to  2.3  x  10“ 3  mol  fraction,  that  K  was 
time-independent  at  least  for  times  greater  than  a  few  picoseconds.  This  is 
^n  agreement  with  previously  reported  studies  of  Campillo  et  al  (59)  and 
Al-Obardi  et  al  (60). 

A  recent  study  of  singlet  exciton  trapping  in  the  system  p-terphenyl 
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(host)/tetracene  (guest)  (61)  also  showed  that  the  transfer  rate  from  host  to 
host  was  time-independent  but.  more  interestingly,  that  it  was  thermally 
activated.  It  was  concluded  that  the  energy  of  activation  was  to  be 
associated  with  singlet  exciton  motion  on  the  host  lattice  sites,  anrd  that  the 
transfer  from  host  to  host  was  facilitated  by  a  phonon-assisted  increase  in 
co-planarity  of  their  donor  and  acceptor  molecules  (62).  This  phenomenon 
is  reminiscent  of  that  observed  by  Meyer  et  al  (63)  described  herein.  The 
concentration  of  sites  at  which  an  increase  in  co-planarity  might  be 
facilitated  (predimer  or  incipent  dimer)  can  reach  10  “ 3  mol  fraction  (64). 

The  theory  of  trapping  of  excitons  at  guest  sites  in  the  presence  of  low 
trap  concentrations  has  been  considered  by  several  authors  (64-67).  An 
analytic  theory  that  accounts  for  the  guest  and  host  fluorescence  yield  for 
all  guest  concentrations  has  recently  been  given  by  Kenkre  (68)  and  Kenkre 
&  Parris  (69),  who  use  the  general  master  equation  (GME)  governing 
excitation  transfer  ( 1,  p.  108).  They  gave  explicit  expressions  for  both  guest 
and  host  luminescence  yield  as  a  function  of  trap  concentration  (69). 

In  addition  to  exciton  trapping  at  impurities  and  guests  that  have  lower 
excited  state  energies  than  host  molecules,  it  is  also  possible  for  self¬ 
trapping  to  occur  in  the  host  lattice  (69a).  Self-trapping  of  F renkel  excitons 
in  homomolecular  aromatic  organic  crystals  was  unlikely,  according  to 
Toyozawa  &  Shinozuka  (70).  However,  under  certain  circumstances,  the 
formation  of  an  excimer  that  lies  energetically  beneath  the  exciton  band 
may  be  viewed  as  a  self-trapped  exciton  (1,  pp.  85-89,  257-67). 

The  association  of  broad  excimer-like  luminescence  with  the  existence  of 
a  self-trapped  state  necessitates  (a)  simultaneous  observation  of  both  free 
exciton  and  excimer  luminescence,  (fe)  an  activated  temperature  dependence 
of  the  emission  bands,  i.e.  the  existence  of  a  small  energy  barrier  between  the 
free  state  and  the  self-trapped  state,  and  (c)  the  association  of  the  emission  of 
the  trapped  state  with  the  intrinsic  property  of  the  crystal  and  not  with 
defects.  Previously  reported  excimer  emission  in  fi-9- 10  dichloroanthracene 
(71),  initially  identified  with  a  self-trapped  exciton  luminescence,  is  now 
known  (72)  not  to  satisfy  the  above  criteria,  since  the  monomer  emission 
arises  from  defects.  This  conclusion  was  reached  after  it  was  found  that 
crystal  annealing  greatly  reduced  the  monomer  emission.  Thus,  in  this  case, 
excimer  formation  was  not  a  thermally  activated  process. 

Evidence  of  exciton  self-trapping  in  x-perylene  was  initially  provided  by 
von  Freydorf  et  al  (73).  who  observed  a  weakly  structured  emission  (called 
the  F-emission)  at  low  temperature  (at  slightly  higher  energy  than  the 
broad  excimer  fluorescence  band)  that  had  a  long  first-order  decay  time 
I  s:  38  ns).  In  /1-perylen*  crystals  the  temperature  dependence  of  the 
luminescence  spectrum  provides  evidence  for  at  least  two  types  of  self- 
trapped  states:  at  least  one  of  them  is  in  thermal  equilibrium  with  free 
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excitons  1 74).  Additional  evidence  for  self-trapping  in  both  crystal  phases 
comes  from  the  work  of  Matsui  et  al  (75). 

SPECTROSCOPY 

Lineshape  Analysis 

A  theoretical  analysis  of  EPR.  NMR.  and  optical  lineshape  data  can 
provide  a  wealth  of  information  about  structural  and  dynamical  properties 
of  solids.  The  inhomogeneous  linewidth  of  optical  lines  is  determined 
primarily  by  the  degree  of  static  disorder,  and  for  this  reason  it  is  sometimes 
used  as  an  indicator  of  the  structural  quality  of  crystalline  materials.  The 
homogeneous  linewidth  reflects  intrinsic  properties  such  as  lifetime  effects 
(T()(76)and  the  coupling  strength  of  a  particular  excited  electronic  state  to 
the  local  dynamical  (phonon)  modes  (T2).  The  homogeneous  linewidth  of 
optical  transitions  is  not  an  easily  accessible  parameter ;  however,  studies  of 
fluorescence  line-narrowing  (77),  hole-burning  (78),  fluorescence  saturation 
(79),  and  optical  coherence  such  as  the  photon-echo  (80)  and  stimulated 
photon-echo  (81 )  are  methods  that  can  yield  the  homogeneous  linewidth  of 
a  particular  vibronic  state  [see  supersonic  studies  of  (82,  82a)].  Hole¬ 
burning  spectroscopy  is  a  static  method  for  investigating  the  dynamics  of 
molecular  vibronic  states.  In  non-photochemical  hole  burning  (NPHB)  a 
particular  set  of  molecules  tuned  to  the  laser  frequency  are  excited  but  not 
chemically  altered.  The  excited  chromophore  produces  a  change  in  its 
microenvironment,  converting  it  rapidly  to  a  new  structural  arrangement 
before  deactivation;  this  decreases  the  number  of  chromophores  having 
excitation  energies  at  the  laser  frequency  and  increases  the  number  of 
chromophores  having  excitation  energies  at  other  frequencies.  The  net 
result  is  that  a  hole  is  burned  in  the  absorption  band ;  the  profile  can  be 
probed  by  measuring  the  fluorescence  excitation  spectra.  When  spectral 
diffusion  processes  are  negligible,  the  hole  shape  is  Lorentzian  and  its  shape 
will  be  a  measure  of  the  true  homogeneous  lineshape  [FWHM  =  (nT2)~  *]. 

N  PHB  has  been  observed  in  a  wide  variety  of  amorphous  matrices  at  low 
temperatures  (83).  Jankowiak  &  Bassler(84, 85)  studied  NPHB  in  (etracene 
( ~  10  5  mol  fraction)  incorporated  into  amorphous  anthracene  at  4  K. 
Holes  burned  at  T  ~  2.5  K  at  /.  =  491.5  nm  show  a  pronounced  zero- 
phonon  hole  and  two  almost  symmetric  one-phonon  sideband  holes;  in 
some  materials  multiple  phonon  sidebands  can  be  detected  (86.  87).  The 
ratio  of  the  zero-  to  the  one-phonon  sideband  intensities  gave  an  electron- 
phonon  coupling  constant  of  ^0.9  and  a  phonon  energy  of  %  40  cm ' 1  for 
those  phonons  which  interact  most  strongly  with  the  electronic  state.  The 
holes  disappeared  after  annealing  at  40  K.  for  one  hour.  The  homogeneous 
linewidth  T  (at  FWMH)  of  the  zero-phonon  hole  varied  with  temperature 
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as  HT)  =  ro  +  ar*  where  T0  %  4.0  cm " 1 ;  this  corresponds  to  a  dephasing 
time  on  the  order  of  2.5  ps,  which  is  3  x  103  times  faster  than  the  radiative 
decay  of  tetracene  in  solution  [for  a  study  of  vibrational  dephasing  in 
naphthalene,  see  (87a)].  The  temperature  dependence  was  rationalized  in 
terms  of  the  Reineker  &  Morawitz  theory  (88),  which  considers  a 
distribution  of  tunneling  states  (TLS)  coupled  to  the  matrix  acoustic 
phonons. 

In  photochemical  hole  burning,  a  photochemical  process,  such  as 
proton-transfer  (detachment),  occurs;  the  photoproducts  in  general  have 
absorption  bands  that  lie  outside  those  of  the  inhomogeneous  band  of  the 
reactant ;  and  if  the  photochemistry  is  irreversible,  there  will  be  no  loss  in 
the  integrated  hole  intensity  with  time. 

Fluorescence  saturation  methods  have  recently  been  applied  by 
Treshchalov  &  Rozman  (79)  to  determine  the  homogeneous  linewidths  of 
the  first  two  inhomogeneously  broadened  vibronic  states  (400  cm  ~ 1  and 
1400  cm'1  phonons)  of  molecular  anthracene,  at  10' 5  mol  fraction  in 
naphthalene.  The  technique  involves  a  measurement  of  the  fluorescence 
intensity  ( F)  as  a  function  of  the  excitation  intensity  ( /„)  and  is  applicable  to 
guest  molecules  that  are  photochemically  stable.  For  both  steady-state  and 
pulse  excitation  conditions,  F  oc  l„  in  the  low  intensity  regime.  At  high 
excitation  intensities  F  x.  ^JTn.  Treshchalov  &  Rozman  (79)  reported  an 
energy  relaxation  time  T,  equal  to  40  and  25  ps  for  the  400  and  1400  cm  '  1 
vibrational  modes  of  anthracene ;  for  comparison  we  note  that  in  a  fluorene 
host,  hot  luminescence  spectral  measurement  gave  28  and  22  ps,  respec¬ 
tively,  for  these  states  (90). 

The  introduction  of  femtosecond  time-resolution  capabilities  into  the 
field  of  spectroscopy  will  probably  provide  the  ultimate  measure  of 
relaxation  dynamics.  So  far,  the  shortest-lived  molecular  process  that  has 
been  directly  time-resolved  is  the  decay  of  the  Rydberg  3 Rq  state  in  gas- 
phase  benzene;  this  is  70 ±20  fs,  as  measured  by  Wiesenfeld  &  Greene  (91). 
The  decay  mechanism  was  not  established,  but  may  involve  transitions 
directly  into  the  high  vibrational  levels  of  the  ground  state.  This  time  scale  is 
so  short  that  intermolecular  collisions  could  be  neglected.  The  ionization 
rate  is  comparable  to  the  relaxation  rate. 

Photoelectron  Spectroscopy 

With  the  advent  of  synchrotron  light  sources,  the  energy  region  between  far 
UV  and  X-ray  has  been  made  accessible  to  experimenters.  A  discussion  of 
the  principles  of  this  light  source  and  a  description  of  recent  photoemission 
experiments  on  phthalocyanines  (Pc)  is  given  by  Koch  &  Giirtler  (92).  An 
examination  of  photoelectron  energy  distribution  curves  in  Zn-Pc  shows 
that  the  excitation  of  3 d  to  4s  states  in  the  metal  Pc  is  enhanced  relative  to 
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that  in  the  free  metal  atom  because  4s  states  in  the  metal  Pc  are  transferred 
from  the  metal  site  to  the  ligand,  increasing  the  availability  of  empty  4s 
states  for  occupation  from  3d  levels.  In  a  similar  way  it  was  found  that  there 
is  a  smaller  number  of  empty  4s  states  in  Cu-Pc  than  in  a  Zn-Pc,  because  the 
3d  -*  4s  transitions  are  stronger  in  the  Zn-Pc.  This  hybridization  of  metal 
3d  electrons  with  the  ^-electron  structure  of  phthalocyanine  ligand  is 
particularly  important  in  understanding  the  high  conductivity  of  the 
porphyrinic  molecular  metals  (93).  In  many  studies  of  photoemission,  the 
three-stage  model  of  Berglund  &  Spicer  is  used  (1.  p.  533)  because  of  its 
simplicity.  A  good  discussion  of  this  model  has  appeared,  using  anthracene 
data,  showing  that  structural  defects  must  be  taken  into  consideration  (94). 

A  singularly  clear  and  powerful  demonstration  of  the  utility  of  photo¬ 
electron  spectroscopy  coupled  with  the  application  of  a  simple  theoretical 
model  to  determine  the  electronic  structure  of  solids,  particularly  polymers, 
continues  to  emerge  from  the  laboratory  of  C.  B.  Duke.  A  CNDO/S3 
(complete  neglect  of  differential  overlap,  self-consistent  field  method) 
model,  originally  developed  to  rationalize  the  photoemission  and  UV 
absorption  spectra  from  polyacenes.  was  extended  (95)  to  include  infinite 
(periodic)  macromolecules,  as  for  example  polyacetylene.  In  a  companion 
paper  (96)  this  method  was  used  to  rationalize  the  ultraviolet  absorption 
and  emission  spectra  of  pyrrole  and  polypyrroie.  In  the  calculation,  it  was 
found  by  varying  the  nymber  of  pyrrole  units  in  the  polymer  that  some  of 
the  essential  features  of  the  polypyrrole  photoemission  spectrum  appeared 
when  4  to  6  pyrrole  units  were  connected,  implying  that  the  photoemission 
hole  state  extends  over  at  least  4  to  6  pyrrole  units,  or  ^  14  A  or  more.  In  a 
similar  way,  it  was  found  that  a  bonding  it  -*n*  transition  extending  over  at 
least  4  pyrrole  units  is  responsible  for  the  3.0  eV  peak  in  the  absorption 
spectrum.  By  simulating  the  twisting  of  the  pyrrole  units,  it  was  found  that 
there  would  be  no  major  changes  in  the  photoemission  or  absorption 
spectra  relative  to  that  of  a  planar  molecule,  so  no  information  about 
twisting  may  be  deduced  from  the  spectra.  In  another  paper  (97)  the 
electronic  structure  ofpoly(p-phenylene)(PPP).  poly(p-phenylene  vinylene) 
(PPV),  and  poly(p-xylylene)  (PPX).  as  well  as  the  previously  studied 
polyaceiylene  and  polypyrrole  was  calculated.  [For  ab  initio  calculations, 
see  (97a).] 

CARRIER  GENERATION  MECHANISMS 

Intrinsic 

Among  the  homomolecular  polynuclear  aromatic  hydrocarbons  (PAH) 
compounds,  anthracene  has  long  been  the  hydrogen-atom  for  theoretical 
calculations.  As  one  proceeds  from  naphthalene  to  pentacene,  for  example. 
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the  optical  absorption  spectrum  shows  a  significant  increase  in  the 
contribution  of  states  that  have  ionic  character  (98).  This  increase  in  ionic 
character  is  paralleled  by  an  increase  in  the  quantum  efficiency  of 
photogeneration.  However,  there  is  not  yet  unanimity  on  the  association  of 
this  increased  ionic  character  with  a  specific  mode  of  ionization. 

One  hypothesis  has  it  that  carrier  generation  requires  the  excitation  of  a 
precursor  Frenkel  exciton  that  dissociates  when  its  energy  is  degenerate 
with  that  of  a  pair  of  free  carriers.  This  process  is  referred  to  as 
autoionization  (AI).  It  does  not  follow  that  all  AI  transitions  lead  to 
completely  uncorrelated  carrier  pairs.  The  electron  thermalization  distance 
is  ~60A  (1,  p.  489).  Thus,  most  electrons  that  are  created  inside  the  solid  will 
thermalize  within  the  Coulomb  capture  radius  of  the  geminate  positive  ion, 
forming  a  transient  charge-transfer  (CT)  state  that  can  either  decay  to  the 
ground  state  or  dissociate  by  the  absorption  of  ambient  energy.  For 
excitation  energies  exceeding  that  of  crystal  ionization,  electrons  are 
photoemitted  with  the  maximum  kinetic  energy  (100,  101)  as  calculated  by 
the  Einstein  photoelectric  equation,  or  with  kinetic  energies  diminished  by 
amounts  equal  to  the  energy  of  excitation  of  the  remaining  positive  ion. 
This  is  proof  that  no  intermediate  CT  state  is  necessary  for  free  carrier 
generation. 

However,  there  is  strong  experimental  and  theoretical  evidence  that 
direct  optical  excitation  to  a  CT  state  takes  place  in  homomolecular  solids 
( 102, 103),  particularly  in  the  more  highly  colored  members  of  the  polyacene 
family  and  particularly  for  excitation  energies  less  than  that  of  the  band  gap. 
The  proposition  that  direct  CT  generation  was  the  primary  mechanism  for 
photoconductivity  in  most,  if  not  all.  PAH  crystals  was  put  forth  in  a  series 
of  theoretical  papers  by  Bounds  &  Siebrand  (102, 103)  and  more  recently  by 
Bounds,  Petelenz  &  Siebrand  (BPS)  (104,  105). 

The  fundamental  premise  of  the  theoretical  work  of  (BPS)  (based  on 
anthracenel  is  that  the  direct  excitation  of  the  CT  exciton  is  made  possible 
by  the  coupling  of  this  low  oscillator  strength  state,  with  that  of  the  high 
oscillator  strength  (/  3:  1  )S3( 1  Bu)  Frenkel  state  located  at  4.63  eV.  In 
anthracene  the  S3  state  is  about  0.5  eV  higher  in  energy  than  the  anthracene 
band  gap  £,  %  4.1  eV,  and  all  optical  excitations  in  the  energy  region  up  to 
4.63  eV  would  produce  CT  states  (albeit,  vibrationally  excited):  in  other 
words,  there  would  be  an  energy  of  activation  for  photoconductivity  due  to 
the  dissociation  of  the  intermediate  CT  state  even  when  the  optical  energy 
nv  >  £,;  this  is  observed  (106).  The  energy  ^CT  of  CT  states  of  varying 
separation  distance  between  the  charges  was  calculated  quantum  mechani¬ 
cally  by  BPS ;  the  CT  energies  were  capable  of  being  described  qualitatively 
by  a  simple  Rydberg-like  expression  of  the  form 
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where  n  is  the  effective  mass  of  the  electron-hole  pair.  ee0  the  dielectric 
constant  parameters,  and  n  is  a  principal  quantum  number,  related  to  the 
distance  r  between  electron  and  hole.  The  E^n)  values  can  be  related  to  the 
different  activation  energies  Ea(hv)  found  for  carrier  generation  by  light  of 
energy  hv  by  the  equation  E„  =  E^-E^n).  The  explicit  assumption  is 
made  here  that  while  it  is  possible  to  excite  vibrational  states  of  CT  excitons 
for  each  value  of  £„,  only  the  0-0  vibrational  state  is  available  for  thermal 
dissociation,  the  excess  energy  being  dissipated  in  a  time  shorter  than  that 
for  dissociation  or  recombination.  The  agreement  between  theory  and 
experiment  (107)  for  the  Ea  values  is  good,  but  not  so  good  for  the  quantum 
efficiencies  of  carrier  generation  (t>Q(hv).  It  was  possible  for  BPS  to  estimate 
the  contribution  of  CT  states  to  the  overall  absorption  spectrum;  in 
anthracene  this  contribution  was  small  but  significant,  while  in  tetracene 
and  pentacene,  the  CT  contribution  was  dominant. 

Considerable  experimental  support  for  the  CT  exciton  mechanisms  for 
carrier  generation  has  been  provided  by  work  on  electric  field  modulated 
absorption  spectroscopy  in  pentacene  (108.  1,  p.  574).  Similar  studies  were 
made  on  anthracene  by  Sebastian  et  al  ( 109),  although  it  proved  to  be  more 
difficult  to  detect  the  CT  states.  These  authors  correlated  the  energies  of  the 
peaks  that  were  attributed  to  the  CT  exciton  electroabsorption  spectra  with 
the  size  of  the  CT  exciton  using  a  Coulombic  equation.  The  extrapolated 
value  of  Eg  proved  to  be  4.4  eV,  in  contrast  with  the  accepted  value  of  about 
4.1  eV ;  they  justified  this  discrepancy  by  identifying  their  CT  values  with 
the  vertical  (Franck-Condon)  transitions  from  a  Frenkel  ground  state  to 
vibrationally  excited  CT  states.  Furthermore,  in  opposition  to  a  basic 
premise  of  the  BPS  treatment,  they  postulated  that  the  excess  vibrational 
energy  for  any  particular  CT  state  could  be  used  to  separate  further  the 
members  of  the  ion-pair  state.  This  postulate,  in  a  sense,  combines  the 
processes  of  direct  CT  exciton  generation  with  the  ballistic  carrier 
separation  mechanism  that  is  implied  in  the  A. I  mechanism.  The  identifi¬ 
cation  of  the  structures  found  by  Sebastian  et  al  ( 109)  in  the  electroabsorp¬ 
tion  spectrum  with  CT  states  of  different  separations  rCT  has  been 
questioned  by  Siebrand  &  Zgierski  (109a).  These  authors  calculated  the 
spectrum  of  CT  states  in  anthracene  and  attributed  the  structure  observed 
by  Sebastian  et  al  (109)  to  the  vibrational  overtones  of  the  nearest-neighbor 
CT  state  (110).  A  resolution  of  the  discrepancies  between  theory  and 
experiment  is  not  yet  at  hand. 

The  Al  mechanisms  of  ionization  coupled  with  the  ballistic  model  of 
electron-hole  separation  has  been  discussed  in  detail  by  Silinsh  et  al  (11 1), 
who  studied  tetracene  and  pentacene.  Here,  Al  steps  are  succeeded  by  the 
escape  of  the  hot  electrons  into  the  lattice,  where  they  thermalize  by 
acoustic  phonon  scattering,  producing  the  series  of  bound  CT  states.  Using 
a  rather  simple  scattering  theory,  Silinsh  et  a!  ( 1 1 1 )  calculated  the  optical 
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energy  dependence  of  the  thermalization  distances,  r0(/iv(,  which  in  turn 
correspond  to  specific  separations  of  CT  states.  They  found  good  agree¬ 
ment  between  their  calculated  and  experimental  values.  Calculations  were 
also  made  of  the  photoconductivity  quantum  efficiency,  and  agreement  was 
found  between  calculated  (using  ballistic  theory  and  a  modified  Onsager 
theory)  and  measured  values  in  the  energy  region  £(/tv)  >  Eg.  In  the  region 
E(hv)  -  Er  they  found  a  discrepancy  that  they  attributed  to  a  contribution 
from  direct  CT  state  absorption.  In  the  higher  regions  of  photon  energy, 
they  found  another  discrepancy  that  they  attributed  to  excitation  to  a 
different  AI  state. 

In  addition  to  the  cases  considered  above  there  is  another  interesting 
experimental  result  in  which  it  appears  that  the  efficiency  of  photoconduc¬ 
tion  is  independent  of  photon  energy  (1 12).  This  work  was  carried  out  with 
X-metal-free  phthalocyanine  crystals  embedded  in  a  polymeric  matrix.  It 
was  found  that  all  the  ionization  proceeded  from  the  first  excited  singlet 
state,  S,. 

Summarizing  the  results  presented  herein  regarding  the  relative  roles  of 
AI  and  direct  CT  exciton  formation,  it  appears  that  there  are  materials  and 
energy  ranges  in  which  one  or  the  other,  or  both,  mechanisms  prevail ;  this 
point  has  been  made  by  Silinsh  et  al  ( fl  1).  The  actual  determination  of  the 
relative  roles  of  AI  and  direct  CT  exciton  formation  might  be  resolvable  if 
photocurrent  rise  time  measurements  could  be  made.  This  suggestion  was 
made  by  Bounds  et  al  ( 105). 

Extrinsic 

Carrier  injection  by  means  of  a  suitably  chosen  electrode  is  a  convenient 
and  widely  used  method  for  producing  a  mobile  carrier  density  in  organic 
compounds  (1,  pp.  273  et  seq).  The  time-resolved  study  of  the  injection 
process,  which  makes  it  possible  to  expose  its  microscopic  details,  can  be 
facilitated  by  the  fact  that  the  rate  constant  for  the  recombination  of  the 
injected  carrier  with  the  electrode  can  be  made  arbitrarily  small  by 
choosing  an  electrolyte  as  the  injection  electrode.  Using  this  fact,  Eichhorn 
et  al  (113)  have  carried  out  the  first  time-resolved  measurement  of  the 
escape  of  charge  carriers  by  diffusional  motion  out  of  a  Coulombic  well 
near  the  injecting  electrode.  This  well  is  created  by  the  attraction  of  the 
injected  carrier  to  its  image  in  the  electrode.  The  complete  model  consisted 
of  a  hole  injected  into  the  top  layer  of  molecules  in  the  crystal,  which  could 
recombine  with  the  electrode  with  a  rate  constant  krec,  or  decay  to  a  trap 
level  with  a  rate  constant  ku.  The  trapped  hole  could  either  recombine  with 
the  electrode  with  a  rate  constant  k,(rec)  or  be  activated  back  into  the  free 
state  with  a  rate  constant  kA.  The  rate  of  escape  of  the  electron  out  of  its 
Coulombic  well  was  k„.  A  fairly  good  agreement  with  experiment  was 
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found  using  4  A  as  the  effective  boundary  distance  from  which  carrier 
injection  proceeded,  and  the  values  fcd  =  5  x  10’  $”  kl(recl  =  4  x  107s'\ 
klt  =  3  x  10s  s  '.  k„c  ^  0.  Other  conclusions  that  were  made  were  that  the 
hole  mobility  in  the  c  direction  was  independent  of  electric  field  up  to  at 
least  5  x  105  V  cm  ” 1  and  also  at  1  x  10b  V  cm  ” 1  ( 1 14).  The  recombination 
was  assumed  to  be  nongeminate,  and  to  involve  an  OH  ”  ion.  There  is  a 
problem  with  this  assumption  because  the  energy  required  to  discharge  an 
OH”  ion  in  a  neutral  aqueous  solution  is  5:6.8  eV,  referenced  to  the 
vacuum  zero  (115).  whereas  only  5.8  eV  are  available  as  a  result  of  the 
discharge  of  the  anthracene  hole.  Chemical  attack  by  a  water  molecule  is  a 
more  likely  route  for  this  process. 

CARRIER  RECOMBINATION 

Time  Independent  ( Theory  ) 

The  Onsager  theory  of  geminate  recombination  ( 1 1 6, 1 1 7)  was  designed  as  a 
steady  state  solution  for  a  pair  of  oppositely  charged  geminate  particles 
moving  in  a  condensed  phase  continuum  in  the  presence  of  an  external 
electric  field.  Nevertheless,  it  has  been  widely  and  rather  successfully  used  to 
interpret  the  electric  field  dependence  of  the  quantum  yield  of  photo¬ 
generated  carriers  in  crystals,  where  the  carriers  undoubtedly  are  moving 
on  a  discrete  lattice  (118)  (see  1.  pp.  481  et  seq).  Recently,  the  Onsager 
continuum  theory  was  extended  to  include  the  transient  case  (119),  and  the 
original  Onsager  assumption  of  a  point-sink  at  r  =  0  was  refined  into  a 
recombination  sphere  of  finite  radius  and  recombination  velocity  (120).  A 
seminal  theory  has  recently  been  introduced  by  Rackovsky  &  Scher  (121a) 
in  which  the  problem  of  geminate  recombination  in  a  face-centered  cubic 
(fee)  lattice  is  treated  as  a  random  walk  on  lattice  sites  in  the  presence  of 
both  an  external  field  and  a  Coulomb  field.  The  solution  is  given  in  terms  of 
lattice  Green's  functions,  modified  by  the  presence  of  an  applied  electric 
field.  In  this  model,  one  carrier  is  fixed  at  the  origin  and  the  other, 
oppositely  charged,  carrier  moves  on  the  lattice  in  accordance  with  a 
function  t//|  1,  t)  that  gives  the  probability  per  unit  time  that  it  will  leave  a  site 
1  in  a  given  direction.  This  function  is  determined  by  relative  transition 
rates  to  the  neighbors,  and  the  transition  rates  in  turn  are  determined  by 
variables  such  as  wavefunction  overlap,  energetic  differences,  and  electron- 
vibration  interactions.  An  important  factor  is  the  role  of  competing 
processes,  such  as  the  decay  rate  of  the  electronically  excited  precursors  to 
the  ion-pair  state  that  dissociates.  What  emerges  from  this  treatment  will 
have  profound  effects  on  the  interpretation  of  experiments  using  the 
Onsager  formalism.  The  Onsager  theory  has  two  parameters  that  are 
specific  to  the  system  under  study.  These  are  the  electron  thermalization 
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distance  r0,  and  the  initial  quantum  yield  of  geminate  pair  generation  <t>0. 
These  parameters  can  be  evaluated  if  an  assumption  is  made  regarding  the 
initial  distribution  of  geminate  pair  distances  (1.  pp.  489  et  seq).  Scher  & 
Rackovsky  show  that  depending  on  the  relative  magnitudes  of  some 
molecular  parameters  described  in  Figure  1  and  using  a  fixed  initial 
distribution  of  charges  (hence,  a  fixed  r0),  the  values  of  that  would  have 
been  calculated  using  the  Onsager  formalism  on  the  yield  versus  field  plots 
can  be  considerably  different  from  each  other.  Thus,  consider  the 
calculation  shown  in  Figure  1  illustrating  the  photogeneration  efficiency  r/ 
dependence  on  reduced  electric  field  strength.  Here  £„  =  EcJkT  where  £„ 
is  the  difference  in  energy  between  the  first  electronically  excited  state  at  the 
origin  and  the  state  consisting  of  a  hole  at  the  origin  and  an  excess  electron 
at  a  nearest  neighbor.  This  could  be  a  few  tenths  of  an  eV.  The  term  /  is  the 
strength  of  the  Coulomb  field  between  the  carriers  in  the  geminate  pair,  R 
gives  the  ratio  of  the  relaxation  rate  of  the  initially  excited  state  to  the  rate  of 
intermolecular  charge  transfer,  and  the  reduced  field  strength  y  =  eFa/lkT 
where  F  is  the  electric  field  and  the  lattice  spacing  is  a.  Notice  that  in  the  top 
two  curves,  only  ccx  has  changed ;  this  could  be  produced  for  example  by 
local  energy  fluctuations,  which  would  be  significant  in  the  case  of 
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hqure  l  Log-log  plot  of  the  phologener- 
ation  efficiency  ij  vs  the  reduced  field  strength 
y  illustrating  the  effect  of  varying  c„  with  y 
and  R  essentially  fixed  From  Scher  & 
Rackowskv  (121). 
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molecularly  doped  polymers.  In  this  calculation,  the  initial  distribution  is 
fixed  (i.e.  the  average  value  of  r0  is  constant).  At  low  fields,  it  may  be  seen 
that  for  the  lower  value  of  £„,  t)  has  decreased  by  an  order  of  magnitude.  If 
the  Onsager  formalism  were  used  then  for  the  same  value  of  4>0  the  apparent 
value  of  r0  would  have  to  be  altered  in  order  to  compensate  for  the 
differences  in  t ].  For  a  greater  £ea,  and  a  slightly  larger  value  of  R ,  tj  changes 
by  another  factor  of  10,  r0  would  have  to  change  even  more,  and  no 
saturation  is  evident  at  high  field,  in  contrast  with  what  is  seen  for  the  top 
curve. 

Another  important  experiment  is  the  measurement  of  the  temperature 
dependence  of  the  yield.  According  to  the  Onsager  theory,  the  temperature 
dependence  of  rj  at  zero  field  should  follow  an  Arrhenius  relationship  in 
which  the  activation  energy  is  £a  =  e2/47t££0r0.  In  the  notation  of  Scher  & 
Rackovsky,  this  would  read  £a  =  a/_k  T/2r0,  or  r0/a  =  /k T2£a.  This 
prediction  is  not  realized.  When  R  is  large,  a  linear  Arrhenius  plot  is 
obtained  but  with  £a  a  function  of  applied  field.  When  R  is  small  there  is  no 
linear  plot. 

In  addition  to  the  analytical  treatment  of  Scher  &  Rackovsky,  a  Monte 
Carlo  simulation  was  carried  out  by  Ries  et  al  ( 1 22)  of  field  and  temperature 
assisted  dissociation  on  a  perfectly  isotropic  3D  lattice,  and  perfectly  linear 
(ID)  systems.  It  was  found  that  for  a  perfectly  ID  system,  the  zero-field 
intercept  of  the  dissociation  probability  would  be  zero,  and  the  extent  to 
which  this  intercept  is  not  zero  is  a  measure  of  the  degree  of  anisotropy  of 
the  carrier  motion.  The  power  of  the  simulation  approach  is  that  any  degree 
of  anisotropy  between  1 D  and  3D  can  easily  be  inserted. 

An  important,  and  not  self-evident,  assumption  made  in  the  simulations 
is  that  of  field-independent  hopping  rates  in  1 D  and  3D  systems,  i.e.  the  field 
does  not  affect  either  the  initial  pair  distribution,  or  the  prefactor  to  the 
expression  containing  the  barrier  height  (which  is  modified  by  the  field). 
For  intersite  hopping  energies  <kT,  the  Onsager  result  emerges. 

An  important  test  of  the  field  dependence  of  the  hopping  rates  was  made 
by  Seiferheld  et  al  (123)  using  crystalline  polydiacetylenes  (see  1,  pp.  673-99 
for  a  description  of  these  compounds)  as  model  compounds.  These 
compounds  (PTS  and  DCH)  are  formed  by  the  solid-state  polymerization 
of  crystalline  acetylenic  monomers,  as  a  result  of  which  a  highly  crystalline 
solid  is  formed  composed  of  long  conjugated  polymeric  chains  held 
together  by  van  der  Waals  forces.  The  strong  covalent  forces  along  the 
chain  and  the  weak  van  der  Waals  forces  between  the  chains  lead  to  a 
markedly  anisotropic  electrical  behavior.  This  makes  these  crystals  good 
examples  of  quasi- 1 D  systems.  The  degree  of  anisotropy  may  be  quantified 
by  means  of  the  ratio  which  are  respectively,  the  mobilities  parallel 
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and  transverse  to  the  molecular  chain.  The  deduced  ratio  for  the 
microscopic  anisotropy  was  >  10s  in  opposition  to  the  value  of  ~  103 
indicated  by  current  flow  measurements  (125, 126).  The  conclusion  that  the 
anisotropy  is  so  high  follows  from  an  application  of  the  Onsager  theory  of 
geminate  recombination  as  modified  for  true  ID  behavior.  In  a  true  ID 
system,  in  the  absence  of  an  external  electric  field,  the  degree  of  dissociation 
of  a  hole-electron  pair  must  be  zero  (127)  because  a  particle  executing  a 
random  walk  on  a  1 D  lattice  must  return  to  the  origin  with  unit  probability. 
In  the  present  case,  the  experimental  results  are  in  accordance  with  the 
Onsager  theory  for  a  ID  system  for  applied  fields  down  to  30  V/cm. 
Furthermore,  according  to  a  computer  simulation  carried  out  by  Ries  et  al 
(122),  the  low-field  intercept  of  the  dissociation  yield  is  a  direct  measure  of 
the  mobility  anisotropy,  i.e.  Iimf  ^O0"C(F)  x  where  4>esc  is  the 

probability  of  an  electron  escaping  geminate  recombination  at  the  applied 
field  F ;  no  deviation  from  the  Onsager  1 D  behavior  appeared  even  when 
<t>'sc(F)  <  10  ~4. 

Another  important  conclusion  of  this  paper  follows  from  the  low-field 
agreement  with  the  predictions  of  the  Onsager  1 D  theory.  According  to  the 
computer  simulation  results  ( 1 22)  the  Onsager  equations  will  be  followed  as 
long  as  the  mean  free  path  of  the  carrier  between  scattering  events  is 
comparable  to  the  distance  between  lattice  sites  (<10A).  The  low-field 
agreement  with  the  Onsager  predictions  then  imply  that  diffusive  transport 
in  PTS  and  DCH  is  accompanied  by  strong  scattering.  However,  for  DCH,  a 
mean  free  path  of  %  100  A  for  carrier  scattering  follows  from  an  m*  =  0.05  mc 
(128)  and  a  scattering  time  of  8  x  10 ' 14  s.  This  apparent  contradiction  may 
be  removed  by  the  application  of  theoretical  findings  of  Movaghar  &  Cade 
(129,  130),  who  have  shown  that  carrier  transport  in  PTS  occurs  via 
localized  polaron  states  whose  mean  free  path  for  scattering  could  be  about 
the  distance  between  polymer  repeat  units.  During  the  initial  hole-electron 
formation,  during  which  the  Onsager  formalism  is  not  operative,  the 
electron  could  travel  in  the  wide  conduction  band  for  a  distance  of  about 
100  A  before  falling  into  a  polaron  state.  This  distance  could  be  associated 
with  the  thermalization  distance,  which  is  calculated  by  ~  65  A  from  other 
results. 

The  proposal  that  a  polaron  state  is  created  in  ~10~14  s  has  other 
important  ramifications.  According  to  Donovan  &  Wilson  (131),  electron 
mean  free  paths  are  ~  1  /itn  in  length,  and  the  electron  mobility  is  >  2  x 
105  cm2  V"1  s'1.  If  the  mean  free  paths  are  so  long,  then  geminate 
recombination  should  not  be  observed,  whereas  it  is.  The  high  mobilities 

(132)  also  become  puzzling.  This  paradox  was  resolved  by  Movaghar  et  al 

(133) ,  who  showed  that  standard  linear  response  theory  as  applied  to 
transport  was  not  applicable  in  these  1 D  systems. 
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A  most  significant  result  is  that  at  high-field  (F  >  104  V  cm"1)  the 
anticipated  saturation  does  not  occur.  This  failure  to  saturate  had  already 
been  noticed  in  anthracene  by  Geacintov  &  Pope  ( 1 34).  Seiferheld  et  al  ( 1 23) 
concluded  that  their  results  can  only  be  explained  by  a  primary  ionization 
yield  <p0  that  is  field  dependent. 

Time  Independent  (In  Polymers) 

Evidence  for  exciton  fusion  as  a  mechanism  for  the  intrinsic  generation  of 
free  carriers  in  molecularly  doped  polymers  has  been  reported  by  Orlowski 
&  Scher  (135,  136).  The  system  studied  consisted  of  solid  solutions  of  the 
amine  TTA  [tri-(p-toIy!)amine]  in  the  polymer  Lexan  (bisphenol-A- 
polycarbonate)  in  concentration  between  30  and  40%  by  weight.  Bulk  (as 
distinguished  from  surface)  photoconductivity  was  induced  in  10  pm  thick 
films.  The  singlet  exciton  decays  by  intersystem  crossing  (4>isc  ^  0.95)  to  the 
lowest  triplet  state  (T)  of  TTA.  The  phosphorescence  of  TTA  peaks  at  2.8 
eV,  so  two  triplet  excitons  can  supply  5-6  eV ;  this  is  sufficient  to  induce 
photoionization,  ft  was  found  that  the  photogeneration  yield,  q/A,  varied 
smoothly  as  the  light  intensity  /2  at  low  light  intensity,  as  /  at  high  light 
intensity,  and  at  some  intermediate  value  in  between.  With  an  increase  in 
field  strength  F  from  5  V/pm  to  20  V/pm,  q/A  increased  by  a  factor  of  about 
250  at  /  =  101 3  photons  cm  ~ 2,  and  in  general  the  /  dependence  itself  was  F 
dependent.  The  scheme  used  to  explain  the  results  was  as  follows: 


k2 


(7T)*  =  T*  is  an  associated  triplet-pair  state,  S0  is  the  ground  electronic 
state,  and  C  is  the  hole  on  the  TTA  molecule  generated  at  the  rate  Kc P  from  P 
which  is  a  charge-separated  state  in  which  the  polymer  contributes  an 
acceptor  state.  The  constant  y  refers  to  the  diffusion-limited  process  of 
triplet  exciton  fusion,  and  <;  applies  to  the  diffusion-limited  separation  of 
T*;  K,  refers  to  the  creation  of  P,  K2  describes  the  annihilation  of  T*  to 
produce  T  and  S0,  and  KR  represents  the  recombination  of  hole  and 
electrons  to  produce  a  ground  state.  The  quantity  i/eff  is  to  be  compared 
with  the  quantum  yield  obtained  from  data  representing  the  linear  response 
of  q/A  to  /,  and  yeff  corresponds  to  what  would  be  measured  as  the 
diffusion-limited  rate  constant  for  triplet-triplet  fusion  to  produce  T*. 
It  was  found  that  ycfr  increased  from  0.16  x  10" 12  cm3  s" 1  at  F  =  0.  to 
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160  x  10- 12  cm3  s' 1  at  F  =  20  x  104  V  cm  l.  At  F  =  5  x  104  V  cm1, 
t]eff  was  1  x  10 "4,  while  at  F  =  38  x  104  V  cm  “ rictf  was  24  x  10 '4. 

The  Onsager  field  effect  found  in  many  systems  ( 1.  pp.  484-95)  applies  to 
the  relative  magnitudes  of  KCP  and  XR,  with  P  given  by  some  initial 
efficiency  0O,  and  says  nothing  about  any  of  the  other  quantities  in  the 
schematic  diagram.  However,  the  Onsager  theory  cannot  explain  the 
magnitude  of  the  observed  results  even  if  <f>0  is  made  field  dependent  (111). 
The  picture  that  emerges  is  that  the  T*  state  is  probably  a  configuration 
consisting  of  a  mixture  of  a  triplet  exciton  pair,  an  excited  S *  state,  an 
excited  charge-transfer  complex  and  some  other  configurations  as  well.  The 
electric  field  would  have  the  effect  of  increasing  the  tunneling  rate  of  the  CT 
state  to  the  P  state,  thus  enhancing  the  value  of  yeff.  The  assignment  of  CT 
character  to  the  intermediate  triplet-pair  state  has  been  made  in  the  past 
(137,  138).  In  systems  in  which  singlet  excitons  play  a  dominant  role  in 
photoionizations,  an  extension  of  this  mechanism  would  propose  the 
existence  of  an  intermediate  S*  state  that  has  CT  character :  the  electric  field 
should  have  a  similar  effect  in  this  system  and,  indeed,  had  already  been 
recognized  by  others  (139,  140),  who  found  this  field  effect  on  the  ratio  of 
carrier  generation  yield  to  fluorescence  yield.  Popovic  (140)  studied  X- 
metal  free  phthalocyanene  powders  dispersed  in  Lexan.  He  concluded  that 
the  electric  field  increased  the  rate  of  dissociation  of  the  lowest-lying  excited 
singlet  state  S,  into  a  CT  state,  which  subsequently  dissociated  thermally, 
assisted  by  the  external  field.  His  work  also  provided  an  example  of  a  case  in 
which  the  same  S,  state  acted  as  a  precursor  to  CT  state  formation  even 
though  the  initially  excited  state  was  higher  in  energy. 

It  has  now  become  clear  from  the  work  of  Popovic  (140).  Scher  & 
Orlowski  (135.  136),  Silinsh  and  co-workers  (141 ).  and  Rackovsky  &  Scher 
(121a)  that  the  field  dependence  of  photocarrier  generation  in  organic 
molecular  solids  is  not  capable  of  being  interpreted  entirely  by  the 
continuum  Onsager  model  (116.  117).  Depending  on  the  energy  of 
photoexcitation,  a  state  is  produced  in  these  materials  that  has  a  complex 
character  including,  for  example,  singlet-singlet  (142),  triplet-triplet  (143). 
and  a  considerable  charge-transfer  component.  The  effect  of  the  high 
external  field  is  to  shift  the  character  of  the  intermediate  state  to  one  that  is 
more  ionic,  and  easier  to  ionize.  Following  the  dissociation  of  the 
intermediate  state,  the  usual  Onsager  formalism  applies. 

Time  Dependent 

Monte  Carlo  computer  simulations  of  physical  processes  have  also  played  a 
major  role  in  the  elucidation  of  the  time-dependent  geminate  recombi¬ 
nation.  This  is  particularly  important  because  it  is  difficult  to  carry  out 
experiments  in  the  picosecond  time  scale.  The  time  dependence  of  geminate 
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recombination  was  simulated  by  Ries,  Schonherr,  Bassler,  and  Silver  (144) 
and  compared  with  the  analytical  solution  given  for  the  isotropic  con¬ 
tinuum  model  by  Hong&  Noolandi(HN)(l  19, 120)and  Hong,  Noolandi  & 
Street  (145).  The  simulation  was  not  restricted  to  the  isotropic  continuum 
case,  but  considered  1,  2.  and  3D  motion  on  a  discrete  lattice  of  variable 
size  and  graininess.  One  of  the  conclusions  of  HN  was  that  at  long  times,  the 
survival  probability  of  a  geminate  pair  in  3-D  follows  a  t  ” 3  2  decay  law. 
That  is,  according  to  HN, 

Ri0(t  >  r0)  =  rc  exp ( —  rJr0)/(4nDts)1  2 
where 

t0  =  r2  4D,  r0  =  e2;4itee0kT 

and  rc  is  the  Coulomb  capture  radius.  D  is  the  diffusion  coefficient,  R3D  is  the 
geminate  recombination  rate  in  3D.  The  simulation  indicates  that  the  t  “ 3  2 
behavior,  if  realizable  at  all  in  an  actual  experiment,  would  be  observed  only 
when  the  signal  amplitude  (as  for  example,  that  for  recombination 
luminescence)  has  decayed  to  10"*  of  its  peak  value.  For  practical 
situations,  the  exponent  x  of  the  decay  function  t  ~x  is  >  3, 2;  the  value  of  x 
will  depend  also  on  the  dielectric  constant  of  the  medium  (through  rc)  and 
the  dimensionality  of  the  motion.  In  anthracene,  rjr0  8(1 18),  whereas  for 
x-Si.  where  £  =  11.5  (compared  to  i  -  3.2  for  anthracene),  rjr0  is  small 
enough  so  that  the  HN  theory  works  well  in  explaining  the  x-Si 
luminescence  decay  rate  (121). 

Another  startling  result  of  the  simulation  is  that  in  the  first  decade  of  the 
decay  process  (f  >  t0)  the  simulated  decay  rate  exceeds  the  HN  results  if 
extrapolated  to  short  time  limits.  Thus,  by  using  the  HN  theory  to 
rationalize  an  observed  recombination  luminescence  life  time,  one  would 
have  to  use  an  inordinately  large  diffusion  coefficient.  The  simulated  and 
analytic  results  converge  when  the  number  of  surviving  particles  has 
decayed  to  10  6  of  its  peak  value.  Again,  the  HN  theory  predicts  that  for 
t  >  T0 

NiD  =  exp(  — rc/r0)|l+rc/(47t£>t)1  2| 

where  NiD  is  the  fraction  of  surviving  pairs,  whereas  the  simulation  results 
show  a  more  complex  function  of  time. 

Another  parameter  that  was  varied  in  the  simulation  was  the  frequency 
of  the  final  jump  to  the  recombination  center.  This  is  particularly  relevant 
because  of  the  accumulating  experimental  evidence  for  the  existence  of  a 
long-lived  electron-hole  pair  state  in  organic  crystals  (142.  146-152).  So  far 
no  attempts  have  been  made  to  rationalize  such  behavior  theoretically. 
Ordinarily  one  would  expect  the  final  recombination  step  to  be  rapid. 
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Although  no  picosecond  time-resolved  geminate  recombination  studies 
have  been  made  on  anthracene  or  its  homologs,  Braun  &  Scott  ( 1 52)  did 
carry  out  such  a  study  on  a  hexane  solution  of  anthracene  at  a 
concentration  of  4.5  x  1015  cm-3.  At  room  temperature,  the  decay  rate  of 
photogenerated  geminate  cation-electron  pairs  is  characterized  by  a  first 
half-life  of  no  more  than  9  ps.  The  recombination  process  is  strongly 
nonexponential,  as  would  be  predicted  by  the  theory  of  Hong  &  Noolandi 
(120)  and  the  recent  work  of  Ries  et  al  (144).  Thus,  the  second  half-life  is  28 
ps  and  the  third  half-life  is  125  ps.  The  work  in  liquids  indicates  that 
geminate  recombination  can  be  rapid.  However,  there  are  conditions  under 
which  the  final  jump  can  be  slow.  To  explore  the  consequences  of  such  a 
situation,  Rieset  al  (144)  generated  a  “waiting  factor” /w  for  the  final  jump 
such  that  the  inverse  probability  of  the  final  step  is  trec  =  /w r0,  where  t0  is 
the  hop  time  for  an  isoenergetic  or  exoenergetic  jump.  Thus,  if  the  final 
recombination  took  place  at  a  defect  site,  there  might  be  an  energetic 
barrier  UB  to  overcome,  to  which  could  be  related  an  /w  =  expiUJkT). 
Carriers  trapped  in  defect  sites  may  exhibit  abnormally  long  dwell  times 
(see  this  review  under  CARRIER  TRAPPING). 

CARRIER  TRANSPORT 
In  Molecular  Crystals 

Carrier  transport  in  van  der  Waals  molecular  crystals,  such  as  anthracene 
and  naphthalene,  has  been  the  subject  of  intensive  study  during  the  last 
several  years.  The  adequacy  of  band  theory  as  a  proper  framework  for 
interpreting  experiments  had  been  questioned  as  a  result  of  its  failure  to 
explain  electron  mobility  in  the  c'  direction  in  anthracene  and  naphthalene. 
For  a  review  of  pertinent  experimental  data  and  theoretical  models  prior  to 
1982  see  (1,  pp.  337-78).  A  collection  of  data  on  mobilities  in  organic 
molecular  crystals  was  published  by  Schein  &  Brown  ( 1 53).  In  this  review, 
we  present  the  most  recent  experimental  data  and  theoretical  model. 
Requiring  explanation  are  (a)  the  band-to-hopping  transition  observed 
(154)  in  naphthalene  atTa  100  K  for  electron  transport  (/i~)  along  the  c 
crystallographic  direction,  and  ( b )  the  almost  complete  lack  of  temperature 
dependence  in  n~  in  anthracene  from  78-479  K  (155)  and  in  naphthalene 
from  100-325  K  (156). 

In  contrast  to  electrons,  hole  transport  (n+)  characteristics  are  in 
accordance  with  band  theory  predictions  (1,  p.  349);  n+  increases  with 
decreasing  temperature  in  the  temperature  region,  in  which  shallow 
trapping  is  not  dominant.  Because  of  the  weak  intermolecular  interactions 
in  van  der  Waals  crystals,  the  nearest-neighbor  transfer  energies,  which  are 
on  the  order  of  10  _  2  eV  ( 1 57, 1 58),  are  comparable  to  the  conduction  band 
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broadening  due  to  dynamic  disorder;  strong  dynamic  disorder  tends  to 
localize  carriers.  A  major  theoretical  problem  has  been  to  isolate  the 
dominant  terms  in  the  complete  transport  Hamiltonian,  which  so  far  ha^ 
been  intractable.  Sumi  ( 1 59- 1 62),  in  a  series  of  papers,  assumed  that  n  '  was 
dominated  by  electron-libron  scattering.  A  recent  analysis  of  mobility  data 
suggests  that  a  more  conventional  approach  is  fully  capable  of  accounting 
for  the  temperature  dependence  of  the  electron  mobility  for  T  <  100  K. 
Specifically  Andersen  et  al  (163)  have  demonstrated  that  a  Boltzmann 
equation  analysis  with  longitudinal  acoustic  phonon-electron  scattering 
can  account  quantitatively  for  the  electron  mobility  in  all  crystallographic 
directions,  in  which  case  fi  oc  T~312.  Figure  2  illustrates  how  well  /iqc  T~ 3/2 
fits  the  experimental  data.  The  lack  of  a  temperature  dependence  in  n 
for  T  >  100  K  is,  however,  still  unexplained.  Furthermore,  as  noted  by 
Andersen  et  al  (163),  there  is  still  the  difficulty  of  reconciling  the  conven¬ 
tional  band  picture  with  the  short  mean  free  path  (^)  of  the  carriers  in  the  c' 
direction  at  temperatures  40  <  T  <  100  K  (A  *  a). 

Although  saturation  of  the  electron  velocity  along  the  c'  direction  has  not 
been  observed  (164),  field-dependent  hole  mobilities  for  F  parallel  to  the  a- 
axis  at  low  temperatures  have  been  reported  by  Warta  &  Karl  (165). 


Figure  2  Measured  electron  drift  mobilities  along  the  ».  b,  and  c'  directions  in  naphthalene  as 
a  function  of  temperature.  From  Anderson,  Duke  &  Kenkre  (163). 
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Presumably  the  freezing  out  of  phonon  modes  at  low  temperatures 
enhances  the  carrier  mean  free  path  sufficiently  so  that  momentum  states 
near  the  edge  of  the  Brillouin  zone  are  significantly  occupied. 

In  Poly-n-electron  Polymers 

Interest  in  the  electrical  conductivity  of  polymers  is  high  and  will  certainly 
become  greater  with  time.  Several  conferences  have  been  devoted  almost 
entirely  to  the  subject  of  these  poly-7r-electron  polymers  (166, 167).  A  review 
of  polyacetylene  has  been  given  by  Etemad  et  al  (168).  Doped  poly¬ 
acetylenes  have  conductivities  that  are  metallic  ( ~  1000  1  cm'1)  and 

they  have  been  fashioned  into  p-n  junctions)  169).  In  this  review,  we  discuss 
only  two  polymeric  systems  that  consist  of  long  chains  of  conjugated 
molecules;  these  are  the  polyacetylenes  and  the  polydiacetylenes,  which 
have  been  the  model  systems  used  for  the  study  of  carrier  transport. 

polyacetylenes  The  polymer  polyacetylene  has  received  the  greatest 
attention  both  theoretically  and  experimentally  due,  partly  because  it  is  the 
simplest  conjugated  polymer  and  also  because  the  trans  form  can  support 
mobile  solitons.  A  soliton  is  an  uncharged  defect  or  a  kink  in  the  trans- 
polyacetylene  (f-PA)  chain  consisting  of  two  single  bonds  adjacent  to  each 
other,  instead  of  the  usual  single  and  double  bond  alternation.  This  kink,  or 
soliton,  has  one  unpaired  electron  associated  with  it  and  is  free  to  move 
along  the  r-PA  chain.  A  charged  soliton  would  have  no  unpaired  electrons, 
and  would  not  exhibit  electron  spin.  No  soliton  exists  in  c/s-polyacetylene 
(1.  pp.  701.  780). 

Structural  changes  usually  associated  with  the  cts-  to  frans-thermal 
isomerization  have  been  observed  in  polyacetylene  by  Robin  et  al  (170). 
who  used  synchrotron  X-radiation  (1.34  A);  the  isomerization  process  was 
found  to  proceed  homogeneously  throughout  the  polymer  and  not  in 
isolated  amorphous  or  selected  crystallite  regions.  That  doping  also 
induces  a  cis-to-trans  isomerization  has  been  demonstrated  by  Hoffman  et 
al  ( 1 7 1 ).  The  soliton  has  an  EPR  Lorentzian  line-shape  with  a  linewidth  less 
than  1  Gauss  ( 1 72, 1 73) ;  that  is  suggestive  of  motional  narrowing  at  least  at 
room  temperature  since  estimated  linewidths  from  hyperfine  interactions 
with  neighboring  protons  is  expected  to  be  approximately  23  Gauss  (174, 
175).  The  observation  of  an  Overhauser  effect  (176)  is  consistent  with  the 
paramagnetic  defect  being  highly  mobile.  Furthermore  ENDOR  studies 
(177,  178)  show  a  coalescing  of  the  two-line  spectrum  into  a  single  line  on 
increasing  the  temperature.  The  ENDOR  2-line  spectrum  has  been  shown 
by  Heeger  &  Schrieffer  (179)  to  express  the  qualitative  features  of  a  mobile 
soliton.  Evidence  for  solitons,  independent  of  optical  studies  ( 1 80),  has  been 
provided  by  elastic  tunneling  conductance  measurements  (181). 


ELECTRONIC  PROCESSES  637 


A  direct  measurement  of  the  time  evolution  of  a  photogenerated 
electron-hole  state  into  charged  kink-antikink  states  in  cis-  and  trans- PA 
has  been  made  by  Shank  et  al  (182).  They  showed  that  the  electron-hole 
state  decays  in  less  than  1.5  x  10  1 3  s.  This  result  supports  the  theoretical 
calculation  of  Su  &  Schrieffer  (182a).  From  the  decay  curve  of  the  charged 
kink  state  in  cis-  PA.  it  appears  that  the  photogenerated  state  converts  into  a 
metastable  state  with  a  lifetime  greater  than  10  nsec.  The  long  lifetime  for 
recombination  in  cis-PA  is  reminiscent  of  that  found  in  the  polyacenes 
(146-151).  In  r-PA,  the  recombination  is  complete  in  ~200  ps,  in  which 
nearest  neighbor  jump  times  of  ~  10' 13  sat  300  K.  and  10' 12  s  at  20  K.  were 
calculated. 

Soliton  theory  has  been  quite  successful  in  explaining  a  wide  variety  of 
physical  properties  in  cis-  and  trans-  PA.  Some  of  the  subtle  difficulties  with 
the  soliton  theory  in  explaining  EPR  and  NMR  measurements  and  photo- 
induced  changes  in  optical  absorption  have  recently  been  summarized  by 
Baeriswyl  ( 183).  We  note  here  only  the  problem  in  explaining  the  transport 
characteristics.  The  Kivelson  theory  (184)  of  phonon-assisted  hopping 
between  charged  and  neutral  solitons,  although  quite  successful  in  making 
specific  predictions  regarding  conductivity  as  a  function  of  temperature, 
frequency,  and  concentration,  is  not  without  difficulties.  The  theory 
requires  the  presence  of  both  neutral  and  charged  solitons  and  is  valid  only 
at  low  concentrations,  in  the  regime  where  Y  <  0.005.  This  assumption  is 
hard  to  reconcile  with  the  observation  of  spinless  conductivity  at  high 
dopant  levels  (at  2"0  dopant,  all  neutral  solitons  have  been  converted  to 
charged  solitons).  Furthermore,  spinless  conductivity  is  not  a  unique 
property  of  fruns-polyacetylene ;  it  has  been  observed  in  poly(p-phenylene) 
(PPP)  and  for  this  polymer  it  is  known  that  solitons  cannot  exist  since  the 
benzenoid  form  is  significantly  more  stable  than  the  quinoid  form,  i.e.  PPP 
does  not  possess  a  degenerate  ground  state.  In  fact.  PPP  doped  with  AsF5 
has  been  reported  to  have  a  conductivity  comparable  to  that  of  doped-PA 
(~500  Q " 1  cm  1  at  dopant  levels  of  0.42  mole  of  AsF5  per  mole  of 
monomer  ( 185)).  Thus,  a  theory  of  spinless  conductivity  that  is  based  solely 
on  charged  solitons,  even  for  frcms-ICH)*  is  considered  highly  artificial. 

A  more  promising  model  for  spinless  conductivity  is  the  polaron- 
bipolaron  theory  of  Bredas.  Chance  &  Silbey  (186,  187).  This  model  does 
not  exclude  solitons :  in  factor  neutral  solitons  are  the  main  extrinsic  defects 
in  undoped  trans-(CH)A..  In  (CH)X  the  polaron  is  viewed  as  a  pair  consisting 
of  a  free  radical  (neutral  soliton)  and  an  ion  (charged  soliton)  with  an 
estimated  binding  energy  of  0.05  eV,  a  value  quite  comparable  to  the  pair 
binding  energy  of  0.03  eV  calculated  for  PPP.  An  antisoliton  is  the  mating 
kink  to  a  soliton.  An  antisoliton  will  annihilate  a  soliton.  producing  a 
defect-free  chain.  An  antipolaron  is  a  combination  of  a  charged  soliton  and 
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a  neutral  antisoliton.  The  evolution  of  states  within  the  gap  as  a  function  of 
dopant  concentration  can  be  summarized  as  follows :  Low  doping  intro¬ 
duces  both  bonding  and  antibonding  localized  polaron  states  within  the 
gap.  At  higher  doping  levels  the  localized  polaron  states  coalesce  to  form 
two  polaron  bands.  In  PA  the  interaction  of  a  polaron  with  an  antipolaron 
of  the  same  charge  results  in  two  free  charged  solitons.  This  process  occurs 
only  for  PA  since  the  neutral  soliton-antisoliton  pair  annihilates  and  the 
degenerate  ground  state  allows  the  charged  solitons  to  move  apart.  In  PPP 
and  other  conducting  polymers  that  lack  a  degenerate  ground  state,  the  two 
charged  defects  cannot  separate  and  bipolaron  formation  ensues. 
Bipolarons  are  correlated  charged  soliton-charged  antisoliton  pairs.  At 
even  higher  dopant  concentrations  bipolaron  bands  are  formed.  Evidence 
to  support  the  existence  of  bipolarons  and  a  polaron  band  in  doped-PPP 
has  been  provided  by  electron  energy  loss  spectroscopy  (188). 

Within  the  bipolaron  model  of  transport,  the  neutral  solitons  that  are 
required  on  neighboring  chains  are  produced  by  the  formation  on  a 
neighboring  polymer  chain  of  a  virtual  neutral  soliton-antisoliton  pair. 
After  the  charged  portion  of  the  bipolaron  jumps  to  the  virtual  soliton- 
antisoliton  pair  on  a  neighboring  chain,  the  residual  soliton-antisoliton 
pair  annihilates.  This  mechanism  requires  only  a  small  activation  energy,  is 
applicable  not  only  to  mj/i5-(CH)x  but  also  to  other  conducting  polymers, 
and  does  not  eliminate  the  phonon-assisted  interchain  hopping  mechanism 
of  Kivelson  in  rrans-(CH)x  in  dopant  regimes  where  sufficient  neutral 
solitons  are  available. 

First  principle  calculations  have  shown  that  as  in  PPP,  polaron  states 
form  within  the  band  gap  in  polypyrrole  at  low  doping  levels  (189).  Optical 
absorption  due  to  polarons  in  polyacetylene  and  in  other  polymers 
(polypyrroles,  poly-paraphenylenes)  has  been  considered  theoretically  by 
Bredas  et  al  (186)  and  Fesser,  Bishop  &  Campbell  (190).  Experimental 
support  for  bonding  and  antibonding  polaron  states  in  the  low  dopant  limit 
in  t-PA  is  reported  by  Etemad  et  al  (191).  It  appears  that  in  f-PA  both 
polarons  and  solitons  coexist  at  low  doping  concentrations  and  are  the 
current  carriers,  whereas  in  polymers  lacking  a  degenerate  ground  state  and 
thereby  precluding  soliton  formation,  polarons  are  the  exclusive  carriers. 

pol ydi acetylene  The  unusual  features  of  carrier  transport  in  PDA-TS 
are  the  apparent  saturation  of  the  drift  velocity  t’d  at  ~2  x  10s  cm  s'1 
down  to  fields  as  low  as  1  V  cm  * 1  [giving  a  lower  bound  for  n  2  x 
10s  cm2  V'  1  s  1  (131)]  and  the  photocurrent  decay  rate  following  a  short 
light  flash ;  this  decaying  photocurrent  /(r)  obeys  a  relationship  of  the  form 
r  where  x  -  I  over  6  decades  in  time  (10~6  s  to  1  s)  (144).  This  decay 
law  is  often  found  in  amorphous  materials,  whereas  in  PDA-TS  one  would 
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expect  very  few  scattering  or  recombination  centers.  Additional  experi¬ 
ments  by  the  authors  in  the  time  domain  for  which  /(t)  x  f  1  shows  that  t'd 
is  still  field  independent  and  a  ~  0.85. 

According  to  Seiferheld,  Ries  &  Bassler  (123),  the  anomalously  high 
carrier  mobility  (//  %  10s  cm2  V  1  s  ')  deduced  for  PDA-TS  (131)  is 
inconsistent  with  the  strong  scattering  required  to  explain  their  successful 
use  of  the  Onsager  ID  carrier  recombination  formalism.  The  paper  by 
Movaghar  et  al  ( 1 33)  resolves  these  difficulties  and  shows  that  there  need  be 
no  qualitative  conflict  between  the  results  of  Donovan  &  Wilson  (131)  and 
those  of  Seiferheld  et  al  (123). 

The  explanation  for  all  of  the  observed  results  lies  in  the  breakdown  of 
linear  response  theory  as  applied  to  transport  problems  in  a  broad  class  of 
ID  systems  (192).  A  model  is  used  that  is  suitable  for  materials  like  PDA- 
TS.  with  its  low  concentration  of  crystal  defects.  Using  the  ID  diffusion 
theory  of  Alexander  et  al  ( 1 93)  one  may  deduce  a  time  (t)  dependent  current 
j{t )  relationship  of  the  form 

7(f)  —  eat]t~Ii2  ~ t  -*  x.  6. 

Here  f?  is  the  applied  reduced  electric  field  and  need  not  be  defined  here 
other  than  to  state  that  for  small  fields,  2 r\  -  eFa/kT ,  where  a  is  the  lattice 
spacing.  However,  as  explained  by  Movaghar  et  al  (192),  linear-response 
theory  breaks  down  in  the  long  time  domain  and  therefore  Eq.  6  is  wrong. 
The  correct  form  for  jit)  at  long  times  is 

7(f)  ~  2ear}W0l  -*C(a)/|2ijfJ|  7- 

where  C(x)  is  constant  and  WQ  is  the  hopping  rate  in  a  defect  free  ID  chain. 
Since  jU)  is  proportional  to  the  carrier  drift  velocity  cd,  then  according  to 
Eq.  7  and  the  definition  of  rj,  td  will  vary  sublinearly  with  the  electric  field. 
Furthermore,  since  x  ~  I,  it  follows  that  the  drift  velocity  will  be  almost 
independent  at  F. 

The  authors  make  the  important  point  that  behavior  of  the  type 
described  by  Eq.  7  should  appear  in  a  wide  class  of  ID  transport  problems. 
Thus,  for  PDA-TS,  the  authors  derived,  for  t  >  rc 

cjt.rj)  -  (2xr/C(x,x)/x)Mo  "7|2 tjtl1  8. 

w  here  x  is  the  fraction  of  jumps  that  are  difficult  and  rc  is  the  time  required 
for  the  carrier  to  drift  to  a  defect ;  tc  —  (2 r)x  W0)  *.  Equation  8  applies  to  the 
PDA-TS  experiments  where  x  =  0.85.  and  i’d  x  F°  l5.  which  looks  like  a 
saturated  drift  velocity.  In  addition,  the  photocurrent  will  decay  as  f 1  until 
carrier  recombination  (or  collection  at  the  electrode)  takes  place.  It  can  be 
also  shown  that  a  lower  bound  for  the  mobility  along  the  regular  portion  of 
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the  chain  will  be  n,  >  108a2xF.  If  rd  remains  saturated  at  2  x  105  cm  s  1 
down  to  F  -  1  V  cm'  '.  as  stated  by  Donovan  &  Wilson  (131).  then  nf  > 
2x  105cm2V  's  '.Thus,  with  a  =  1.2  Ax  could  be  ~  10  5  or  fewer  than 
1  defect  per  10s  A ;  this  was  also  stated  by  Donovan  &  Wilson  (131).  Using 
the  data  of  Seiferheld  et  al  (123).  who  only  went  down  to  F  =  50  V  cm  '  *. 
and  taking  rd  =  2  x  10s  cm  s  ',  one  gets  nf  ~  102  cm2  V-1  s~‘  and 
v  ~  10  5,  which  is  still  a  high  mobility.  Another  interesting  calculation 
is  the  time  required  to  cross  half  the  sample  length,  or  L0/2.  This  turns  out 
to  be 

f0  =  {2ijW0)~  l{L0x,  2a)1  "  *3".  9. 

With  rd  =  2  x  105  cm  s  F  =  l  V  cm " L0  =  0.3  cm.  x  =  0.85.  a  ~  5  A. 
and  x  =  10"5,  then  /0  ~  10~2  s.  For  x  =  10~4,  one  obtains  r0  ~  I05  s. 
Thus,  [q  is  extraordinarily  sensitive  to  x  and  x.  It  is  possible  to  increase  x  by 
creating  radiation-induced  defects;  this  has  been  done  and  very  long 
relaxation  times  have  indeed  been  observed  (194). 

In  Amorphous  Systems 

As  mentioned  above,  the  introduction  of  computer  modeling  as  a  quasi- 
experimental  technique  is  having  a  profound  effect  on  the  course  of  both 
experimental  and  theoretical  studies.  Consider  the  study  of  carrier 
transport  in  amorphous  systems,  of  which  polymeric  conductors  are  a 
prime  example.  In  amorphous  systems,  carrier  transport  clearly  is  by 
hopping.  It  has  been  shown  by  Bassler  (195)  and  Schonherret  al  (196)  that 
by  assuming  a  Gaussian  distribution  of  hopping  site  energies,  a  wave 
function  overlap  factor  exp(-2ar),  where  r  is  the  distance  between 
neighboring  sites,  and  a  Boltzmann  factor  to  accommodate  hops  to 
energetically  unfavorable  sites,  one  obtains  the  following:  a  temperature 
dependent  trap-free  mobility  of  the  form  n{T)  -  nr  exp  {  —  (T0,  T)2}  where 
U  t  is  the  ideal  mobility  in  the  absence  of  disorder,  and  a  field  dependent 
mobility  of  the  form  /4F)  =  ^(0)  exp(F/F0).  The  field  dependence  is  of 
interest  because  it  shows  that  no  charged  traps  need  be  invoked  to  explain  a 
field  dependent  mobility  ( 1 ,  p.  78) ;  such  a  field  dependence  had  already  been 
observed,  and  charged  traps  had  been  conjectured  (197).  In  a  series  of 
experiments  (198)  carried  out  with  hole-transporting  solid  solution  of  a 
phenylmethane  derivative  in  a  plastic  matrix,  complete  agreement  was 
found  between  experiment  and  simulation,  without  invoking  charged  traps. 
As  for  the  temperature  dependence  of  the  mobility  in  amorphous  systems, 
this  was  studied  experimentally  by  Lange  &  Bassler  (199).  who  used 
amorphous  tetracene  films.  The  use  of  amorphous  films  of  an  otherwise 
crystalline  material  permits  a  study  of  the  effects  of  disorder  without 
changing  chemical  composition.  Tetracene  films  deposited  on  substrate 
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held  at  120-180  K.  are  amorphous.  A  trap-free  mobility  obeys  a  relationship 
of  the  form  T)  =  fix  exp  |  —  (T0/T)2},  where  z  0.4to0.8cm2  V” 1  s'  \ 
validating  the  Monte  Carlo  computer  simulation.  The  Gaussian  width 
given  by  T0  is  %  0. 1  eV,  and  is  a  function  of  sample  preparation  temperature 
TF  and  hence  of  the  degree  of  disorder.  Important  results  of  this  paper  are 
that  the  Gaussian  width  is  a  consequence  of  disorder-induced  splitting  of 
the  transport  band  into  a  distribution  of  localized  site  energies ;  this  effect  is 
larger  than  that  produced  by  the  dielectric  relaxation  of  the  environment 
around  a  carrier.  The  success  of  the  computer  simulation  strengthens 
support  in  its  assumptions,  and  provides  an  alternate  explanation  for  the 
results  reported  by  Mort  &  Pfister  (200). 

Another  interesting  result  was  the  observation  of  an  almost  temperature 
independent  trapping  time,  although  /i  varied  by  more  than  an  order  of 
magnitude.  Their  explanation  is  based  on  the  notion  of  trapping  at  an 
incipient  dimer  site.  The  density-of-states’  profile  in  tetracene  as  deduced  in 
these  experiments  exhibit  a  0.1  eV  width ;  this  is  in  contrast  with  widths  of 
0.5  to  1  eV  found  in  photoelectron  spectra  of  molecular  glasses  (6).  An 
explanation  may  be  found  in  the  differences  between  the  processes  of 
photoemission  (which  depends  not  only  on  the  inhomogeneous  broadening 
of  the  valence  states,  but  lifetime  broadening  of  the  final  state)  and 
transport.  In  addition,  transport  probes  the  volume  density  of  state 
distribution,  whereas  photoemission  is  essentially  a  surface  phenomenon 
and  the  polarization  energy  changes  markedly  in  this  region  (201.  202; 
see  also  1,  p.  63). 

Another  example  of  the  power  of  a  computer  simulation  is  that  carried 
out  by  Silver  et  al  (203),  who  showed  that  while  a  Gaussian  distribution  of 
hopping  site  energies  gives  little  dispersion,  an  exponential  energy  distri¬ 
bution  gives  rise  to  dispersive  transport  indistinguishable  from  multiple 
trapping.  This  introduces  another  mechanism  for  the  interpretation  of 
experimental  results. 

CARRIER  TRAPPING 

Experimental  Techniques 

A  general  technique  for  the  determination  of  the  concentration,  energetic 
distribution,  and  composition  of  carrier  trapping  sites  in  organic  solids 
does  not  yet  exist.  It  remains  as  a  challenge,  and  the  rewards  for  solving  the 
problem  are  great,  since  relatively  small  concentrations  of  traps  radically 
modify  the  transport  properties  of  the  carriers.  Present  techniques  include 
space  charge  limited  currents  (SCLC),  thermally  stimulated  currents  (TSC), 
optical  detrapping,  and  electric  field  detrapping  (1,  pp.  267  et  seq). 

An  important  comparison  of  the  results  obtained  on  trapping  states  by 
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SCLC  and  TSC  was  made  by  Taure  et  al  (204).  They  studied  thin  films  of 
tetracene  (Tc)  and  pentacene  (Pc)  in  the  form  of  oriented  crystallites.  The 
SCLC  results  were  consistent  with  the  existence  of  at  least  two  sets  of 
shallow  traps  of  Gaussian  distribution :  In  Tc  the  binding  energy  of  one  was 
£,  =  0.1  eV.  with  a  distribution  parameter  ranging  from  a  =  0.08to0.14eV 
in  different  samples,  and  a  total  trap  density  Nc  =  »4x  1015  cm"3;  for 
the  other,  £,  %  0.3  eV,  <r  =  0.05  to  0.1  eV  and  N,  *  1014  cm'3.  The  TSC 
results  were  in  fair  agreement  with  those  of  SCLC  as  shown  in  Figure  3,  but 
gave  higher  resolution  and  probed  deeper  traps.  Trapping  cross-sections 
for  the  hole  traps  in  Pc  and  Tc  range  from  10'  16  to  10"  14  cm2  for  the 
energy  range  0.2  to  0.5  eV,  and  are  about  1014  cm2  for  deep  electron  traps  in 
Pc. 

Some  recent  work  involving  the  use  of  thermally  stimulated  currents 
(TSC)  is  that  of  Samoc  et  al  (205),  which  also  contains  many  references  to 
important  work  in  this  field.  This  paper  tests  a  recent  theory  of  Plans  et  al 
(206)  that  deals  with  the  field  and  sample  thickness  dependence  of  the  peak 
at  Tm,  the  temperature  of  the  maximum  that  appears  in  the  TSC  glow  curve. 
Samoc  et  al  (205)  added  phenothiazine  in  a  concentration  of  5  x  10" 5  mol 
fraction  to  anthracene.  Using  their  technique,  they  found  that  pheno¬ 
thiazine  created  a  hole  trap  centered  at  0.62  eV  above  the  valence  band  and 
that  there  was  sufficient  distribution  of  energy  around  this  value  to  induce 
dispersive  transport  in  the  doped  material.  This  trap  depth  may  be 


htiure  )  Density  of  electron  trapping  slates  ,\(£)  in  pentacene  layers  as  a  function  of  trap 
depth  E  as  determined  by  SCLS  ( solid  curves )  and  TSC  ( dashed  curves  I  techniques.  From  Taure 
et  al  ( 204). 
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compared  with  the  value  of  0.57  eV  deduced  by  Karl  et  al  (207)  from 
photoemission  studies. 

An  experimental  technique  for  studying  multiple  deep  trapping  levels 
using  only  a  single  thermal  scan  was  developed  by  Yoshie  &  Kamihara 
(208),  and  several  intuitively  appealing  theoretical  treatments  of  multiple 
trapping  have  appeared  (209,  210).  In  these  papers,  an  exponential 
distribution  of  traps  with  relatively  fixed  parameters  was  assumed.  In  a 
recent  paper,  Monroe  &  Kastner  (211)  relax  these  restrictions  by  allowing 
variation  in  capture  cross-section,  release  times,  trap  distribution,  and 
energy.  The  final  result  is  a  classification  scheme  in  which  the  current 
transients  may  fall  into  any  of  five  basic  types ;  this  scheme  may  be  used  as  a 
diagnostic  tool  to  identify  the  relevant  trapping  parameters  operative  in  the 
experimental  situation.  The  analytical  results  of  Monroe  &  Kastner  can 
also  serve  as  a  check  on  the  results  of  increasing  popular  computer 
simulations.  Mention  should  also  be  made  of  another  comprehensive 
treatment  of  multiple  trapping  in  amorphous  systems  by  Arkhipov  et  al 
(212). 

An  interesting  aspect  of  electron  trapping  was  exposed  by  Meyer  et  al 
(63).  They  found  that  the  electron  trapping  lifetime  for  transport  in  the  c' 
direction  over  a  range  of  temperatures  (81-374  K)  and  applied  electric  fields 
( 103  to  4.7  x  104  Vcm'1)  was  activated,  and  that  this  activation  energy  is 
independent  of  the  field.  The  activation  energies,  £„  ranged  from  30  to  84 
meV  on  crystals  all  prepared  from  the  same  sample,  indicating  that  the 
behavior  is  extrinsic.  The  electron  transport  in  the  c'  direction  was  not 
shallow-trap  controlled ;  it  was  nearly  independent  of  temperature.  The 
authors  conclude  that  the  most  likely  source  of  the  activation  energy  was 
the  cross-section  of  capture.  A  parallel  experiment  was  carried  out  by 
Arnold  &  Hassan  (213),  who  measured  the  effect  of  pressure  on  the  triplet 
exciton  lifetime  in  anthracene.  They  found  that  the  cross-section  of  capture 
was  increased  markedly  (by  a  factor  of  four,  in  going  from  1  atm  to  6.4  kbar), 
without  changing  the  trap  concentration.  Arnold  &  Hassan  concluded  that 
specific  mechanical  defects,  referred  to  as  preexcimer  sites,  were  the  source 
of  these  traps,  and  that  triplet  excimers  were  formed  at  these  sites.  They 
attributed  the  pressure  effect  to  the  creation  of  a  more  favorable  inter- 
molecular  orientation.  The  role  of  predimer  or  incipient  dimer  sites  as 
trapping  centers  was  discussed  by  Pope&  Kallmann  (214;  1,  pp.  283  et  seq) 
and  the  existence  of  such  sites  was  supported  by  the  work  of  Thomas  et  al 
( 2 1 5)  and  was  also  discussed  by  Lange  and  Bassler  (199)  and.  at  great  length, 
by  Williams  &  Thomas  (216;  1,  pp.  50-53).  More  recently,  Zboinski  (217) 
has  examined  the  possibility  that  a  deep  trap  can  be  created  by  the 
localization  of  a  carrier  at  a  pair  of  approximately  parallel  anthracene 
molecules. 
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A  novel  explanation  of  what  can  account  for  apparently  deep  ( ~  0.7  eV) 
traps  in  pure  molecular  crystals  has  been  presented  by  Petelenz  (218).  In 
pure  crystals,  one  can  account  for  shallow  ( ~  0.3  eV)  traps  by  the  increase  in 
polarization  energy  surrounding  a  defect  in  the  crystal  lattice.  However, 
one  cannot  use  lattice  distortions  to  explain  a  trap  of  depth  ~0.7  eV. 
Petelenz  points  out  that  the  detrapping  of  a  trapped  electron  involves  not 
only  supplying  the  binding  energy  £,  of  the  trap,  but  the  electron  must 
transfer  itself  away  from  the  trap  in  a  time  short  compared  to  the 
vibrational  relaxation  time  of  the  excess  electron.  This  requirement  is  the 
same  as  that  for  autoionization  of  a  neutral  state.  In  a  sample  calculation, 
Petelenz  showed  that  detrapping  could  be  accomplished  by  exciting 
vibrational  degrees  of  freedom,  rather  than  the  carrier  itself.  He  also  showed 
that  for  a  trap  only  10  “ 3  eV  deep  by  virtue  of  lattice  distortion,  the  apparent 
detrapping  energy  could  be  >0.75  eV  due  to  the  requirement  of  exciting 
effective  vibrational  modes. 

Field  Effects 

One  of  the  many  differences  between  3D  systems  and  those  of  lesser 
dimensionality  (I,  p.  617)  is  the  electric  field-dependent  reduction  in  the 
charge  carrier  trapping  time  in  the  1  and  2D  systems.  In  a  3D  system, 
trapping  is  generally  a  first-order  process  with  a  time-independent  rate 
constant.  This  is  a  consequence  of  the  trapping  probability  increasing 
linearly  with  the  number  of  new  sites  visited.  The  number  of  new  sites 
visited  by  a  randomly  diffusing  particle  varies  as  n  in  3D,  n/ln  (n)  in  2D,  and 
n112  in  ID,  where  n  is  the  number  of  steps  taken  (1,  p.  122).  If  the  hopping 
rate  is  constant,  then  the  trapping  rate  will  become  time  dependent  in  2D 
and  ID  motion.  Movaghar  et  al  (219,  220)  showed  analytically  that  in  a 
ID  system,  at  long  times,  the  relaxation  of  an  excitation  follows  an 
exp[—  (f/r)1'3]  law.  This  law  was  shown  to  apply  to  ID  trapping  kinetics 
by  Hunt  et  al  (221)  in  a  disordered  polydiacetylene  polymer,  which  shall  be 
referred  to  as  PDA-10H ;  this  polymer  contains  a  pendant  CH2OH  group 
in  every  repeat  unit  of  four  carbon  lengths.  This  paper  reports  the  first 
measurement  of  a  ID  relaxation  law.  The  specific  phenomenon  is  the  decay 
of  a  transient  photocurrent  pulse  in  the  PDA-10H  in  the  time  range  1  to  2 
x  104  s.  Although  the  more  widely  studied  PTS  has  an  exceedingly  low 
dislocation  density  (222),  the  concentration  of  deep  traps  is  ~  1  per  mm  of 
polymer  chain  (131)  in  PDA-10H;  due  to  the  presence  of  extensive 
hydrogen  bonding  between  the  CH2OH  groups,  there  is  a  closer  packing 
and  greater  internal  strain  in  the  final  crystal,  which  is  not  as  perfect  as  the 
PTS  single  crystals.  A  sample  was  excited  by  a  square  wave  pulse  of  light 
and  it  was  found  that  the  decay  follows  an  exp(  -bt1'3)  law. 
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In  the  presence  of  an  electric  field,  the  motion  of  the  particle  will  be 
anisotropic  and  thus,  in  a  l  D  system,  more  new  sites  are  likely  to  be  visited 
than  would  otherwise  be  encountered.  This  implies  that  the  trapping  rate 
will  increase  with  field  strength.  This  effect  was  first  observed  by  Haarer  & 
Mohwald  (223;  1,  p.  616),  in  the  charge-transfer  complex  phenanthrene- 
pyromellitic  acid  dianhydride.  An  exact  solution  of  the  time  dependence  of 
the  trapping  probability  in  the  presence  of  an  electric  field  F  was  derived  by 
B.  Movaghar,  B.  Pohlmann,  and  D.  Wurtz  (MPW)  (unpublished).  They 
showed  that  as  t  -*  x,  a  simple  exponential  law  should  be  approached,  the 
free  carrier  concentration  decay  time  going  as  F  ~ 2  below  a  critical  field  Fc, 
and  as  F~ 1  above  Fc.  This  theory  was  tested  by  Seiferheld  et  al  (194),  who 
used  PTS;  this  polymer  is  an  excellent  model  for  a  ID  crystal  because  its 
mobility  anisotropy  ratio  nti/nL  is  ~  10s,  where  Hw  is  the  mobility  along  the 
chain  and  is  the  mobility  transverse  to  the  chain  direction.  The  PTS 
polymer  is  also  unusual  because  it  contains  essentially  no  recombination 
centers  for  carriers  (131),  so  the  decay  of  a  transient  carrier  population  is 
governed  by  the  kinetics  of  hopping  and  detrapping  from  traps  of  ~0.7  eV 
and  discharge  at  the  electrodes.  In  this  experiment,  traps  and  recombi¬ 
nation  centers  were  produced  in  a  PTS  crystal  by  bombardment  with 
100  KeV  He  *  ions.  It  was  found  that  at  long  times,  and  for  fields  of  <  1.7  x 
103  V  cm"1,  the  current  relaxation  went  as  exp[— (t/t|)1/3].  As  the 
field  increased,  the  long  time  relaxation  curve  became  steeper,  approach¬ 
ing  a  simple  exponential,  exp[— (f/r2)].  Moreover,  r2  varied  as  F  2 
below  Fc  «  104  V  cm  ' 1  and  as  F  ~ 1  above  Fc.  The  effective  carrier  jump 
rate  W  can  be  calculated  from  t1?  giving  —  1  s  " 1 ;  this  implies  that  the  trap 
depth  is  %  0.8  eV. 

SUPERCONDUCTIVITY 

The  dramatic  discovery  of  superconductivity  in  organic  crystals  was  made 
by  Bechgaard  et  al  (225)  and  Jerome  et  al  (226)  in  a  family  of  isostructural 
compounds  of  the  general  formula  (TMTSF)2X  (also  referred  to  as 
Bechgaard  salts)  where  X  is  an  anion  (CIO*,  TaF* ,  AsF^ ,  SbF6~,  and 
ReO* )  and  the  cation  is  tetramethyltetraseleno-fulvalene.  Only  the  CIO* 
derivative  exhibits  superconductivity  at  atmospheric  pressure ;  this  occurs 
at  a  critical  temperature  7,  s  I  K.  The  other  compounds  all  require  the 
application  of  external  pressure  (8-12  kbar).  Reviews  of  this  field  have  been 
written  by  Jerome  &  Schulz  (227)  and  by  Friedel  &  Jerome  (228).  In 
addition,  the  proceedings  of  two  conferences  are  particularly  useful  (229). 

In  the  search  for  a  general  mechanism  for  superconductivity  in  organic 
materials,  attention  has  been  focused  on  the  unit  ceil  volume  Vc  and  on  the 
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interstack  Se-Se  distances  (230).  As  has  been  found  to  be  the  case  with  the 
highly  conducting  ion-radical  salts  of  the  TTF-TCNQ  class  (1,  pp.  581-91), 
the  nearly  planar,  almost  parallel  TMTSF  molecules  are  arranged  in  stacks 
along  the  a  crystal  axis  (1,  p.  638).  In  addition,  the  TMTSF  molecules  in 
neighboring  stacks  are  sufficiently  close  to  each  other  along  the  b  direction 
so  that  infinite  sheets  are  formed  in  the  ab  plane,  separated  by  columns  of 
anions.  The  short  interstack,  and  intrastack  Se-Se  distances  ( d  <  4.0  A ; 
this  is  less  than  the  van  der  Waals  radius  sum  for  Se-Se)  lead  to  strong 
interactions  that  result  in  the  high  conductivity  in  these  materials.  As  the 
temperature  is  lowered  from  298  to  125  K.,  anisotropic  structural  changes 
take  place  in  which  the  interstack  distances  can  decrease  almost  twice  as 
much  as  the  intrastack  distances  (231).  A  linear  correlation  was  found 
between  the  unit  cell  volume,  Vc,  and  the  average  interstack  Se-Se  distance 
(davg);  this  is  shown  in  Figure  4.  The  correlation  shows  C104 ,  FSO3 ,  and 
BF4  salts  clustering  around  the  minimum  values  for  Vc  and  davg,  with 
almost  identical  values  for  dtvg.  This  suggests  that  these  compounds  will 
have  a  similar  Se  atom  network  geometry  and  similar  low  temperature 
electrical  properties  barring  the  onset  of  anion  ordering  (232);  such 
ordering  introduces  a  new  crystal  symmetry,  and  is  considered  to  be  a 
prerequisite  for  the  attainment  of  superconductivity  in  (TMTSF)2  C104 
(233),  in  direct  opposition  to  previous  beliefs.  In  addition,  those  compounds 
requiring  external  pressure  to  achieve  superconductivity  have  d,vg  values 
greater  than  davg(CI04 ).  One  may  therefore  venture  to  predict  the  anion 
size  most  likely  to  produce  the  desired  VCf  ( Vcp  -  predicted  cell  volume  Vc). 
These  results  suggest  that  good  results  should  be  obtainable  with  those 
anions  whose  sizes  are  comparable  to  C104  ;  these  include  not  only  BF4 


Figure  4  Plot  of  observed  unit  cell  volume  (Fc)  vs  the  average  interstack  Se-Se  distance  for 
various  (TMTSF)23f  metals  at  125  K.  From  Williams  et  al  (231). 
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and  FS03 ,  but  anion  alloys  embodying  all  possible  combinations  of  these 
two  anions. 

Most  organic  molecules  in  crystals  that  exhibit  metallic  conductivity  are 
planar,  of  Dlh  symmetry,  and  pack  in  parallel  layers  in  a  stack,  along  which 
the  conductivity  is  a  maximum  (1,  pp.  588  et  seq).  In  this  quasi- 1 D  crystal,  it 
would  therefore  be  expected  that  there  would  be  intrastack  bonding  in  this 
direction;  this  expectation  is  supported  by  the  observation  that  in  the 
organic  metal  TTF-TCNQ,  the  TCNQ-TCNQ  distances  are  *3.17  A  as 
compared  with  3.45  A  in  the  pure  TCNQ  crystal.  In  the  case  of  the 
superconductors  in  the  (TMTSF)2X  family,  it  has  been  concluded  that  Se- 
Se  bonding  within  a  stack  and  between  stacks  creates  a  quasi-2D  structure, 
which  is  chiefly  responsible  for  the  high  conductivity.  This  conclusion  was 
tested  by  making  X-ray  diffraction  studies  on  perfect  crystals  of 
(TMTSF)2AsF6  prepared  by  Wudl  (234).  An  accumulation  of  electron 
density  was  found  above  and  below  the  TMTSF  molecular  plane  in  the 
region  between  the  Se  atoms,  implying  that  there  is  bonding  between  the 
TMTSF  molecules  within  the  stack,  probably  as  a  result  of  the  Se  atom 
interactions.  In  addition,  there  was  considerable  electron  density  between 
Se  atoms  at  the  edge  of  adjacent  stacks  in  the  stacking  direction.  This  could 
be  evidence  of  a  one-dimensional  conduction  band.  In  view  of  the 
substantial  conductivity  observed  in  the  direction  (b  axis)  perpendicular  to 
the  stacking  axis  (u)  of  the  TMTSF  molecules,  electron  density  was  looked 
for  between  Se  atoms  in  neighboring  stacks.  An  electron  density  was  found 
between  the  Se  atoms  at  the  edge  of  adjacent  stacks,  but  surprisingly,  only 
between  Se  atoms  with  the  longest  interstack  distance.  ~4.15  A.  This  was 
predicted  by  Grant  (235).  The  continuum  of  electron  density  from  Se  to  Se 
between  the  stacks  may  represent  a  conduction  band.  Thus,  there  exists  a 
bonding  originating  from  the  Se  atoms,  between  molecules  within  and 
between  the  stacks  of  (TMTSF)2AsF6  and  (TMTSF)2PF6. 

In  the  search  for  other  superconducting  compounds  a  new,  and  only  the 
second,  family  of  organic  conductors  was  discovered  (235a)  based  on  the 
substitution  of  S  for  Se  in  the  cation.  The  newly  discovered  compound  is 
called  (BEDT-TTF)*  (Re04)2  where  the  cation  is  bis(ethylenedithiolo)- 
tetrathiafulvalene,  and  the  anion  is  the  perrhenate  ion.  This  compound 
becomes  superconductive  above  4  kbar  for  Tc  *  2  K.  A  metal-insulator 
transition  takes  place  at  a  pressure  <  7  kbar,  and  it  may  be  associated  with 
an  anion  rearrangement.  These  BEDT-salts  have  a  variety  of  crystal 
structures  and  stoichiometries  (236),  in  distinction  to  the  Bechgaard 
salts,  so  it  may  be  easier  to  locate  the  origin  of  superconductivity  in  these 
materials.  These  discoveries  are  particularly  valuable  because  the  mech¬ 
anism  for  organic  superconductivity  is  still  poorly  understood.  One 
arduously  sought  for  goal  is  to  find  a  compound  that  has  a  high  Tc. 
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MISCELLANEOUS 

In  this  section,  we  would  like  to  mention  work  that  cannot  be  adequately 
discussed  due  to  space  limitations. 

An  example  of  the  power  of  picosecond  spectroscopy  to  unravel 
mechanisms  of  chemical  and  biological  reactions  is  given  in  a  review  article 
by  Rentzepis  (237).  In  the  wings  stands  the  even  more  potent  tool  of 
femtosecond  spectroscopy,  as  outlined  by  Shank  &  Greene  (238).  Optical 
pulses  as  short  as  30  fs  have  been  attained,  which  is  shorter  than  some 
vibrational  periods.  One  can  anticipate  the  use  of  such  pulses  to  follow  the 
evolution  of  energy  transfer  in  a  coherent  fashion  between  two  degenerate 
states.  Another  impressive  experiment  showing  the  fission  of  a  singly 
excited  state  into  multiple  excitonic  states  from  which  quantum  yields  and 
autoionization  efficiencies  are  obtained  has  been  carried  out  by  Klein  (239). 

A  discussion  of  electroluminescence  in  organic  crystals  is  given  by 
Kalinowski  (240);  the  effect  of  pressure  and  temperature  on  the  lumines¬ 
cence  of  tetracene  single  crystals  was  also  studied  by  Kalinowski  et  al  (241 ). 
In  this  latter  study,  a  surprising  feature  of  earlier  work  on  tetracene  was 
reexamined ;  this  was  the  observation  of  an  unusually  large  Stokes  red  shift 
(~500  cm1)  between  the  0-0  fluorescence  and  absorption  transitions, 
whereas  in  anthracene  it  is  100-200  cm'  *.  It  now  appears  that  this  shift  is 
an  artifact  caused  by  the  compensation  of  the  red  shift  resulting  from  the 
temperature  modification  of  the  exciton  state  and  a  blue  shift  caused  by 
decreased  overlap  of  the  fluorescence  and  absorption  spectrum.  The  Stokes 
shift  of  the  reabsorption  free  0-0  transition  at  528  nm  is  260  cm  ~ ',  in  good 
agreement  with  the  value  280  cm  ~  1  found  at  4.2  K  (242). 

A  recent  review  of  the  important  subject  of  energy  transfer  has  been  given 
by  Klopffer  (243).  This  review  discusses  basic  concepts,  measuring  tech¬ 
niques,  and  results,  mainly  in  polymeric  systems.  In  the  same  book  is  an 
excellent  discussion  of  triboelectricity  in  organic  materials  (244).  This 
subject  has  not  yet  been  put  on  a  sound  theoretical  footing  because  of  the 
enormous  experimental  difficulties  in  creating  reproducible  contacting 
surfaces.  Important  insights  have  been  provided  by  Duke  ( 245)  and  Duke  & 
Fabish  (246).  Triboelectricity  and  triboluminescence  may  one  day  be 
studied  in  a  more  straightforward  manner  in  outer  space.  Tribolumi¬ 
nescence  is  thought  to  arise  from  the  creation  and  annihilation  of  mobile 
cracks  (247,  248),  which  in  piezoelectric  crystals  can  result  in  the  crea¬ 
tion  of  oppositely  charged  neighboring  surfaces.  The  intense  electric  field 
at  the  tips  of  the  cracks  may  facilitate  charge  recombination.  In  Mort  & 
Piaster's  book,  a  review  of  piezoelectricity  and  pyroelectricity  by  Wada 

(249)  brings  the  field  up  to  date  from  the  last  reviews  prepared  by  Kepler 

( 250)  and  Davies  (251). 
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In  the  first  of  a  series  of  photoconductivity  experiments  on  PDA-TS 
crystals,  Donovan  &  Wilson  (131)  found  that  the  low  field  mobility  was 
high,  /i>2x  105  cm2  V  “ 1  s  ~ 1  and  that  the  drift  velocity  saturated  at  a  low 
value  vs  =  2  x  10s  cm  s  " 1  even  for  fields  down  to  1  V  cm  “ 1 .  On  the  other 
hand,  Spannring  &  Bassler  (252)  measured  SCLC  in  PDA-DCH  using 
ohmic  electrodes;  they  found  that  J  oc  V2  for  F  <  26  V  cm-1,  va  oc  F, 
and  n  =  6  x  103  cm2  V“ 1  s  “  *.  This  large  discrepancy  has  been  removed  by 
the  development  of  a  SCLC  theory  for  1 D  materials.  The  conclusions  are  as 
follows : 

1.  A  trap-limited  SCLC  shows  a  J  x  V2  dependence  even  if  i\  is  saturated. 

2.  If  F  increases,  then  for  some  critical  value  Fc  if  F  >  Fc  the  SCLC  will 
become  trap-free  instead  of  trap-limited  if  vd  is  saturated. 

3.  A  trap-free  SCLC  in  a  1 D  material  shows  a  J  ex  V  dependence  if  vd  is 
saturated. 

With  these  findings,  the  discrepancies  between  the  Donovan  &  Wilson 
results  and  those  of  Spannring  &  Bassler  can  be  reconciled.  The  properly 
interpreted  data  of  Spannring  &  Bassler  yield  a  calculated  fi  for  PDA-DCH 
of  1.6  x  105  cm2  V'1  s"1,  very  similar  to  that  in  PDA-TS. 

CONCLUSIONS 

This  has  been  an  active  period  for  this  field  and  promises  to  become  even 
more  so.  The  enormous  skill  of  the  organic  chemist  is  being  harnessed  for 
the  creation  of  a  cornucopia  of  compounds  with  novel  electronic  properties. 
The  discovery  of  superconductivity  in  more  than  one  type  of  ion-radical 
salt  greatly  increases  the  prospects  of  determining  the  mechanism(s)  of 
superconductivity,  and  hence  of  synthesizing  compounds  of  higher  trans¬ 
ition  temperature.  The  synthesis  of  compounds  that  behave  as  quasi  1-  and 
2D  materials  has  provided  a  field  day  for  theorists  who  can  now  find  exact 
solutions  to  transport  problems.  The  use  of  computer  simulations  has 
assumed  major  proportions,1  and  is  already  dominating  fields  such  as 
amorphous  solids,  in  which  transport  takes  place  by  hopping.  The 
continued  development  of  ultra-short  laser  pulses  of  precisely  defined 
wavelength  has  made  possible  the  excitation  of  specific  vibrational  modes, 
and  the  study  of  their  intrinsic  relaxation  rates ;  homogeneous  linewidths 
are  being  measured  and  the  mechanisms  of  line  broadening  elaborated. 
Carrier  generation  in  the  homomolecular  polyacenes  has  become  much 


1  Journals  devoted  to  a  discussion  of  simulation  techniques  include  Mathematics  and 
Computers  in  Simulation,  published  by  North  Holland,  and  Simulation,  published  by  Society  of 
Computer  Simulation. 
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better  understood  with  the  recognition  of  the  importance  of  direct  optical 
excitation  of  charge-separated  (CT)  states,  and  of  precursors  to  CT  states.  It 
was  certainly  satisfying  to  view  the  evidence  that  at  least  at  low 
temperatures,  all  carrier  transport  processes  in  anthracene  and  un¬ 
doubtedly  in  essentially  all  of  the  polyacenes,  is  understandable  in  terms  of 
a  band  theory  of  mobility.  There  is  still  the  problem  of  the  almost  zero 
temperature  dependence  of  electron  mobility  in  the  c'  direction  in 
anthracene,  but  this  should  give  way  before  the  next  review  of  this  field.  The 
development  of  a  generalized  master  equation  (GME)  approach  to  the 
study  of  exciton  transport  has  revealed  instances  in  which  significant  errors 
have  been  made  in  interpreting  experimental  data.  The  study  of  carrier 
recombination  was  enlivened  by  the  discovery  of  novel  high  field  effects  that 
point  to  the  existence  of  a  field  sensitive  process  for  producing  CT  states, 
and  by  indications  that  the  evaluation  of  the  thermalization  distance  and 
the  initial  ionization  yield  from  Onsager  theory  is  a  more  delicate  operation 
than  previously  thought.  This  latter  conclusion  followed  upon  the  develop¬ 
ment  of  analytical  and  computer  simulation  techniques  for  following  the 
recombination  of  geminate  carriers  on  a  discrete  lattice. 

The  surface  has  not  been  scratched  in  the  study  of  electronic  processes  in 
organic  solids. 
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